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ABSTRACT
3D P- and Converted Shear wave characteristics of the Morrow production
trend in the Buffalo Valley field, Chaves-Eddy County, New Mexico
Sandeep Pyakurel

Regional and local subsurface log and 3D seismic interpretations were undertaken
in the vicinity of the Buffalo Valley field in southeastern New Mexico. Oil production in
the field is trapped in early Pennsylvanian basal Morrow Formation Harris Channel.
Regional interpretation shows that the field is located on the Northwestern Shelf along
the rim of the Delaware basin. Structure and isopach maps reveal that high production is
associated with a structural low that actively developed during deposition of the reservoir
interval. The Harris Channel scoured into the upper Mississippian Barnett shale. Areas of
thin Barnett Shale coincide with production and define the channel course.
Seismic data from the field consisted of 24 square miles of 3D P-wave and mode
converted shear wave (PS-wave) data collected by WesternGeco. The 3D seismic
interpretation reveals that the field is bounded by steeply dipping north-south trending
faults along its west and east margins. Dip reversals along these faults suggest they may
be strike-slip in origin. The 5 to 30 foot thickness of the Harris Channel lies below the
resolution limit (60 feet) of the P-wave seismic and does not produce an easily detectable
seismic response. Recursive inversions of the P and PS-wave volumes were combined to
provide 3D Vp/Vs and Poisson’s ratio volumes. Poisson’s ratios were averaged over a
5ms window of time including reflection events from the reservoir interval. Poisson’s
ratio/lithology relationships were derived from a well in the field. The mapped
distribution of Poisson’s ratio throughout the survey helps define the distribution of
producing sands.
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CHAPTER 1
BACKGROUND AND OBJECTIVES

1.1 General Background
The Delaware basin in southeastern New Mexico has been a prolific hydrocarbon
producer. Production from the Pennsylvanian Morrow reservoir began in the late 1960’s.
There are approximately 269 pools in southeastern New Mexico that produced oil and
gas from the Morrow reservoir, (Mazzullo, 2001). These reservoirs are problematic due
to the stratigraphic, structural and diagenetic complexity of the individual sand traps.
Such complexities have made effective exploration and production difficult leaving the
Morrow Play underdeveloped, (Mazzullo, 2001). Therefore the Morrow Play offers
significant opportunity to discover additional reserves.
In order to characterize and understand this deep seated hydrocarbon rich
reservoir, the seismic properties, well log responses and the detailed subsurface geology
of the area must be known. The research undertaken in this study incorporates detailed
interpretation of 3D seismic reflection data from the Buffalo Valley oil field in
southeastern New Mexico. Oil is produced from lower Morrow channel sand known as
the Harris Channel. The emphasis of this study is on an assessment of the possible
linkages between seismic response and oil production. 3D seismic data used in this study
were provided by WesternGeco. The survey covers the central part of the field. Donated
data included zero-offset and 3D VSP’s and a dipole sonic from a key well (the Lula 3
well) located within the 3D survey area. The study also incorporates interpretation of the
converted mode shear waves (PS waves) recorded and processed as a separate 3D
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volume. Methods are developed and tested to extract Poisson’s ratio and lithology
information from the combined analyses of both P and PS-wave volume.

1.2 Purpose and Objective
The main purpose of this thesis is to provide a detailed interpretation of the
Morrow reservoir using 3D seismic data including, both P-wave and PS-wave volumes,
collected in the Buffalo Valley field, southern Chavez County, NM. The study is also
coupled with well log data analysis. The specific objectives are i) Interpretation and
analysis of the 3D seismic data volume, ii) Evaluation of the attributes of the P-wave
(compressional wave) and PS-wave (converted shear wave) data sets and their
relationships to the log observation, iii) Regional geologic characterization of the area
surrounding the 3D seismic survey based on well log data, and iv) evaluation of the
interrelationship between the production, structure and seismic response in the Buffalo
Valley field. The seismic data covers part of the 4 township area in southern Chavez
County. Combined analysis of P and PS-wave data sets are evaluated for their potential to
uncover the productive lower Morrow sand channel known as the Harris Channel. The
regional well log interpretation and mapping effort helps define the relationship of the
field level structure to regional structure of the area.

1.3 Location
The study area is located along the northern part of Eddy County and southern
part of Chaves County, New Mexico (Figure 1.1). The study area is geologically located
on the Northwest Shelf of the Delaware Basin. The regional study covers an area
including 4 townships in Chaves County and 8 townships in Eddy County.
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Figure 1.1: Location of the study area

Figure: 1.2 Location of the Seismic survey area Buffalo Valley (red square).
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1.3 Project Database
Seismic data provided by WesternGeco cover a 24 square mile area in the heart of
the Buffalo Valley field (Figure 1.2). The 3D seismic data were collected using a
vibroseis source. Sweep frequencies extended from 8 to 98Hz with a sweep length of 17
seconds (Van Dok and Taiser, 2001). Both P-wave and PS-wave data were recorded. P to
S wave travel times in the 3D PS-wave data set were corrected to P-wave travel time by
WesternGeco to facilitate direct comparison of P-wave and PS-wave data interpretation.
The 3D seismic analysis conducted in this thesis incorporates interpretations and
comparisons of both the P-wave and PS-wave data volumes.
The project database also includes the well log data in both vector and raster
form. Detailed well control in the vicinity of the 3D seismic survey is integrated into the
seismic interpretation. Regional well control from an approximately 720 square mile area
surrounding the field helps place the Buffalo Valley field into the regional structural
context of the Morrow Play located along the Northwest Shelf of the Delaware Basin. A
total of 96 wells were used for the construction of regional structure and isopach maps.
Regional geological characterization of the area is based on formation top picks
obtained from driller’s logs, borehole geophysical logs and digital well header files in
TIFF format obtained from the New Mexico Bureau of Geology and Mineral Resources
website at http://geoinfo.nmt.edu/resources/petroleum/poolmaps.html. Considerable data
were also obtained from the New Mexico Oil and Gas Pool Maps CD, Version 1.0
(2000), New Mexico Bureau of Geology and Mineral Resources (NMBGMR). Additional
Tiff images of geophysical logs and well files were obtained from the New Mexico
Energy, Minerals and Natural Resources Department Oil Conservation Division at
4

http://ocdimage.emnrd.state.nm.us/. Production data were obtained from the New Mexico
Tech “Go-Tech” site at http://octane.nmt.edu/data/ongard/. A total of 57 wells are used to
characterize variations of 5 yrs cumulative oil production surrounding the 3D survey
area.

1.4 Hardware and Software
The 3D seismic data were analyzed and interpreted using Seismic-MicroTechnology’s Kingdom Suite seismic interpretation software. The software runs on
desktop PC with Microsoft Windows operating system. Horizon and fault interpretation,
and evaluations of amplitude and various post stack attributes including instantaneous
amplitude and impedance were made for P-wave and PS-wave data using Kingdom Suite.
Well log analysis, and the construction of cross-sections, and structure and
isopach maps were undertaken using Landmark Graphic Corporation’s GeoGraphix
Discovery Suite software package. This package provides a variety of modules that allow
the explorationist to create and manage various well and seismic databases, conduct well
log analysis, create structure and isopach maps, and cross-sections. Well log header file
information and formation tops were entered into the GeoGraphix WellBase module,
maps were created using GeoAtlas, Cross-sections were created in Xsection and Well log
analysis was conducted using Prizm.
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CHAPTER 2
GEOLOGICAL SETTING AND PREVIOUS WORKS

2.0 Background
Very little has been published on the reservoir properties and production
distribution within the Morrow sand channels of the Buffalo Valley field. Worthington
(1999) described the structure and production of the Atoka-Morrow interval down to the
Mississippian unconformity. James (1985) described the depositional environment of the
Atoka and Morrow formations about 20 miles south of the Buffalo Valley field. Ota
(2001) made a detailed study of the Atoka Formation about 40 miles, west of the study
area in the Vacuum field, Lea County, New Mexico.
Recently, Sanchez (2005) developed seismic synthetic models of the Morrow and
adjacent Pennsylvanian strata. He described the Buffalo Valley field as bounded by
steeply dipping reverse faults along the east and west margins of the field, with a
probable strike slip component. These faults moved during deposition of the lower
Pennsylvanian units. The Atoka-Morrow interval is interpreted to consist of fluvialdeltaic marine depositional environments (Ota, 2001; Mazzullo, 1995; James, 1985, and
Hills and Galley, 1988). Structure maps presented by Sanchez (2005) reveal that the
Atoka and Morrow formations have northeast strike and dip to the southeast across the
survey area. The Atoka-Morrow interval also thickens to the southeast toward the interior
of the Delaware Basin. Models developed by Sanchez indicate that the Morrow channel
is too thin to be resolved in the seismic data from the site.
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2.1 Geological Setting and Tectonic history of the area
The study area is located along the Northwest Shelf of the Delaware Basin, in the
northern part of the Eddy County and southern part of the Buffalo Valley area in Chaves
county, New Mexico (Figures 2.1 and 2.1). The Northwest Shelf lies, in general, to the
north of the Diablo Platform, Delaware Basin, Central Basin Platform, and Midland
Basin (Figure 2.1), Dutton et al. (2004).The Delaware Basin is a major structural
subdivision of the Permian Basin. The Delaware Basin is bounded on the southwest by
the Diablo Platform uplift and to the east by the Central Basin Platform (Hills and Galley,
1988). The southern part of the basin is bounded by the edge of the Ouachita-Marathon
fold belt. The Northwest Shelf lies along the northern and northwest margins of the
Delaware Basin. This shelf marks a significant slope break and may overlie deep-seated
basement faults (Montgomery, 1999). The Geological setting of the Permian Basin and
the study area is shown in Figure 2.1.
Subsidence history of the Delaware Basin is represented by two distinct stages of
basin subsidence. The ancient Tobosa Basin is believed to have originated from a
Precambrian to early Paleozoic episode of subsidence within the cratonic basement
(Casavant, 1999). Shumaker (1992) suggests that the Tobosa Basin may have been the
site of Keweenawan mid-continent rifting. Deposition within the Tobosa basin occurred
from Ordovician through Devonian time. The Tobosa Basin was segmented by
differential uplift and subsidence beginning in the Mississippian.

During the late

Mississippian relative subsidence along the west and east flanks of the Central Basin
Platform formed the Delaware and Midland Basins, respectively. Pennsylvanian and
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Lower Permian strata thicken significantly across the edge of the Central Basin Platform
into the Delaware Basin (Shumaker 1992).
The principal stratigraphic units of the Northwest Shelf are shown in the Figure
2.2. The Proterozoic basement rocks consist largely of metamorphic and plutonic rocks of
cratonic origin (Hills, 1984), however detailed information about the basement is scant
since very few wells have penetrated basement and the cuttings and cores from most of
these wells have not been preserved; its lithologic properties and interrelationships are
poorly understood (Hills, 1984). Within the Northwest Shelf of the study area Dutton et
al. (2004) indicate that most of the Cambrian, middle Ordovician, and nearly all of the
Devonian section are missing, suggesting widespread emergence and erosion during
evolution of the Tobosa Basin. Within the Delaware Basin and Northwest Shelf areas,
there is a relatively continuous succession of Permian through Triassic strata with
exception of the missing middle San Andres Formation (mid-Permian) along the
Northwestern Shelf (Hills & Galley, 1988). However, drilling logs from the Buffalo
Valley field report penetration of the San Andres. It may be that this unconformity is not
as widespread or continuous as reported in earlier studies. The San Andres intervals
correlate roughly to the Brushy Canyon Formation in the Delaware Basin (Figure 2.2).
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Figure 2.1: Geological Setting of the Permian Basin and the ancient Tobosa basin, from
Dutton et. al., 2004.
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Figure 2.2: Stratigraphy of the Northwest Shelf areas of the Permian Basin from
Worthington (1999). Barnett Shale which is discussed and mapped in this study lies
between Morrow and Chester formations.
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2.2 Basin Evolution and Sedimentation
The Permian Basin, including its present day subdivisions (the Delaware and
Midland basins, Central Basin Platform and other smaller sub basins were a contiguous
part of the early Precambrian-craton in this region (Hills, 1984). Gradual subsidence
throughout much of the Paleozoic formed the shallow Tobosa basin as described by
Galley (1958). Subsidence analysis by Yang and Dorobke (1995) suggests that the
influence of tectonic loading in the Basin was a minor but significant component. The
tectonic history of the Delaware Basin and Northwest Shelf area is shown in Figure 2.3.
Sediments deposited in the ancestral Tobosa Basin consisted primarily of carbonate and
fine grained clastic sediments associated with shallow water deposition until
Mississippian Period (Hills and Galley, 1988). This basin is interpreted to have been a
large cratonic embayment that was rimmed by a wide shallow shelf (Hills and Galley,
1988).
During the late Mississippian, the initial collision between the Gondwanaland and
Laurasia began in the Marathon – Ouachita area to the south and east of the Tobosa Basin
(Hills, 1984). Hills notes that the Tobosa Basin, whose depocenter was located along the
present trend of the Central Basin Platform, began to segregate tectonically into the
embryonic Midland and Delaware basins forming a mildly deformed chain of islands
along the present trend of the Central Basin Platform. The Central Basin uplift reached its
peak during the late Mississippian and early Pennsylvanian time as the result of tectonic
stress associated with plate collision and loading during the Ouachita – Marathon
orogeny. The Central Basin uplift divided the Tobosa Basin into the deeper Delaware
Basin (southeast) and shallower Midland Basin (to the east). Tectonically induced
11

Figure 2.3: Tectonic history of the Delaware Basin and its predecessor Tobosa Basin
(Taken from Hills and Galley, 1988).
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subsidence continued into the Permian Period. Erosion of the Pedernal uplift to the
northwest and west and the Central Basin Uplift to the east served as the source for thick
Permian age shallow water platform and deep-basin deposits (Mazzullo, 1995).

2.3 Stratigraphy
The stratigraphy of the Northwest Shelf of the Delaware Basin is shown in Figure
2.2. The section of interest within the study area extends from late Mississippian to
middle Permian time. The description below is restricted to a discussion of the major
stratigraphic units deposited during this time.
During the middle Mississippian period, deposition along the shallow shelf of the
Tobosa-Delaware basin consisted mainly of shallow marine carbonates. Upper
Mississippian black organic shale units of the Chesterian series overlie the middle
Mississippian carbonates. The organic shale units grade into thin-bedded limestone in the
northern part of the basin and across the Northwest Shelf (Hills, 1988).
The Pennsylvanian strata on the Northwest Shelf of the Delaware Basin exhibit
considerable variability in distribution, lithology and thickness.

The stratigraphic

subdivisions of the Pennsylvanian strata are largely based on Fusulinid occurrence (Hills,
1988) leading to 5 major series. These five series, from oldest to youngest consists of the
Morrow, Atoka, Strawn, Canyon and Cisco formations. According to the Meyer (1966: in
Hills, 1988), the Pennsylvanian sequence along the Northwest shelf ranges in thickness
from 840 to 915 m.
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The Morrow and Atoka formations are comprised of interbedded sand, shale and
thin limestone deposits whereas the Strawn, Canyon and Cisco consist primarily of cyclic
sequences of carbonate and shale deposition. The Morrowan sediments have been divided
into three stratigraphic units: the lower Morrow, middle Morrow and the upper Morrow.
The lower Morrow is dominated by clastic sand and shale that unconformably overlie the
Mississippian Barnett Shale. The middle Morrow comprises marine sandstone and shale.
The uppermost unit of the Morrow series is characterized by light gray limestone with
interbedded shale and sandstone of marine origin (James, 1985). The Atokan sediments
are characterized by marine shale, limestone and lenses of sandstone beds. The Morrow
and Atoka sediments were deposited on a broad shelf of the basin and the major sources
for these clastic deposits were from the erosion of the Pedernal Uplift on the northwest
and Central Basin Platform to the east of the Delaware Basin. Most of the shale, along
with fine grained sandstone and limestone were deposited in a marine and shelf edge
environment (Ota, 2001). The Upper Atoka is characterized by deltaic to marine facies
and the lower Atoka is of fluvial origin. The environment of deposition during Morrowan
time is shown in Figure 2.4.
The Strawn Formation overlies the Atoka Formation and consists mostly of
limestone and thin interbedded shale. The Strawn is also one of the more prolific oil and
gas producers in the region (Hills and Galley, 1988). The Cisco and Canyon formations
overlie the Strawn Formation and are comprised mostly of shallow open shelf margin
carbonates and shale (Hills and Galley, 1988).
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Buffalo Valley
field

Figure 2.4: Interpreted depositional environment in the southeastern New Mexico area
during the Morrowan time, taken from James (1985).
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The Permian sediments are subdivided into four series (Figure 2.2), including the
Wolfcampian, Leonardian, Guadaluupian and Ochoan series (oldest to youngest).
Wolfcampian sediments deposited on the Northwest Shelf consist of a cyclic sequence of
limestone and interbedded shale. These are conformably overlain by the Abo Formation
of the Leonardian series which consists mainly of red fluvial sandstones. The Abo is
overlain by the Yeso Formation that consists of evaporite and dolomite units with
interbedded sandstone. The Yeso depositional environments range from Sabkha (salt flat)
and tidal flat to shelf edge carbonate bank (Mazzullo, 1982).
The upper Permian stratigraphic sequence consists of the Guadalupian and
Ochoan Series. The Guadalupian appears to have been deposited during a period of rapid
subsidence and in the absence of active faulting (Mazzullo, 1995). The series consists of
the San Andres, Grayburg, Queen, Seven Rivers, Yates and Tansill formations (oldest to
youngest), respectively. The San Andres and Grayburg formations consist of limestone,
dolomite and evaporites deposited in a shallow shelf, open marine to Sabkha tidal flat
environment (Hills, 1988). The Queen Formation is composed of shallow water dolomite
and clastic rocks. It is characterized by a complex suite of siliciclastics, carbonates and
evaporite deposits. The oil bearing sandstone reservoir along the Northwest Shelf within
the Queen Formation is the Shattuck sandstone member (Haight, 2002). The seven rivers,
Yates and Tansill formation includes hypersaline evaporates, redbeds and dolomites
deposited in barrier-islands, shallow water lagoons or coastal Sabkha flats (Mazzullo,
1995).
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The Ochoan series of the Northwest shelf includes the Dewey Lake, Rustler and
Salado formations, from oldest to youngest. The Ochoan rests unconformably on the
Tansill Formation. The Ochoan deposits consist mainly of evaporites and terrigenous
clastics deposited in an arid environment. Deposition occurred during sea level regression
and the final infilling stage of the Delaware Basin (Hills and Galley, 1988).
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CHAPTER 3
REGIONAL AND LOCAL GEOLOGY FROM WELL LOGS

3.0 Introduction
This chapter discusses the regional geological characteristics of the Buffalo
Valley field and surrounding area with emphasis on the Atoka-to-Chester interval. The
discussion is based on well log signature and formation top information obtained from
the driller’s logs and scout cards. Seismic data is a critical investigative tool for reservoir
characterization but such data is usually limited to the play or prospect level. Further,
seismic data is also constrained by an inherent vertical resolution limit of several tens of
feet to well logs which have resolution limits of only a few inches. Well log based studies
also help place the local seismic interpretation into the context of the regional geology.
They also provide the regional context for the local 3D seismic interpretation. In this
section the interval of interest (the Atoka-to-Chester interval) is discussed in detail along
with its characteristic log responses. Later in the chapter, regional and local
interpretations of the geology of the area are presented. These discussions are restricted to
the Middle Permian (Glorietta and Wolfcamp formations), Pennsylvanian (Cisco,
Canyon, Strawn, Atoka and Morrow formations), and to the Upper Mississippian (Barnett
and Chester formations) in the Buffalo Valley field.

3.1 Well log Characteristics for the Atoka-Morrow interval
The Morrow Sandstone is a prolific oil and gas reservoir in southern New
Mexico. The lower and middle Morrow sandstones are regarded as the primary
18

development and exploration play in this region (Casavant, 1999). Well completion
reports and well log interpretations show that the Morrow Formation consists of
limestone, sandstone and shale intervals. Influence of both progradation and aggradation
can be observed in the Morrow sediments and results in considerable reservoir
complexity. In general Atoka through Morrow strata were deposited in nearshore-deltaic
environments.
Stratigraphically,

the

Morrow

Formation

rests

unconformably

on

the

Mississippian Barnett shale and Chester limestone; it is overlain by the Atoka Formation.
In the Buffalo Valley field, there is no distinct wire line log separation between the
Morrow and Atoka formations due to transitional nature of the depositional environment
associated with these formations. The characteristics of this lower Pennsylvanian section
in the Buffalo Valley are similar to those of the Atoka-Morrow interval described by
James (1985) in the Parkway-Empire area about 20 miles to the south of the Buffalo
Valley field. In the Buffalo Valley field, the thickness of the Morrow varies from
approximately 70 ft to 200 ft; its elevation varies from approximately 3000 ft to 5000 ft
below sea level. Mazzullo (1999) described the deposition of the Morrow sediments as
taking place during a period of relative tectonic stability. The underlying Upper
Mississippian rocks were subjected to a prolonged period of erosion and widespread
peneplanation during a drop of sea level. The Pennsylvanian Morrow sediments were
then deposited in a broad southeastward sloping alluvial fan complex (Mazzullo, 1999).
The major source of sedimentation was from the Pedernal uplift to the northwest; minor
amounts of sediment were derived from the uplifted Central Basin Platform to the east.
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The Morrow Formation has been divided into three correlative units as illustrated
in the type log (Figure 3.1). The lower Morrow consists of fluvial clastics with
interbedded shale that rest upon the Mississippian Barnett shale. The lower Morrow
sediments were deposited in a fluvial-deltaic system of channels, point bars and stream
mouth bars (James, 1985). The Gamma ray logs (Figure 3.1) suggest presence of upward
coarsening cycles followed by fining upward cycles from the base to top of the lower
Morrow. The log cycles are interpreted to result from cycles of progradation and
transgression in a deltaic to near shore environment (Sanchez, 2004). The oil and gas
production in the Buffalo Valley field is primarily from the lower Morrow. Oil and gas is
produced from stratigraphic traps in fluvial sands associated with variations in
depositional patterns and cementation (James, 1985).
A thin layer of shale separates the middle Morrow from the underlying Lower
Morrow. The overall log signature at the middle Morrow shows high variability with both
fining upward and coarsening upward cycles. The lower part of the middle Morrow has a
“funnel shaped” Gamma ray log pattern which is interpreted as a coarsening upward
sequence. The coarsening upward sequence is followed by an upward bell shaped
sequence indicative of an upward fining trend. The upward coarsening and fining trends
in the middle Morrow are interpreted to be deltaic sands reworked by the marine
transgression. Casavant (1999) suggest that these sands were reworked in lower deltaic
and deltaic plain environments by wave dominated processes, and then deposited as
beach or bar sands during a rapid marine incursion. Similar to Casavant, James (1985)
interpreted the middle Morrow sediments to have been deposited as beach and shore bar
sandstone in the Parkway- Empire Field, 20 miles south of the Buffalo Valley field.
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Figure 3.1: Typical Gamma ray (GR) and Density (RHOB) responses of the AtokaMorrow interval. The variability in the log signatures clearly portrays the heterogeneity
of the area, a) well API # 3000560481 b) well API # 3000560321
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The upper Morrow interval is dominated by carbonates. The gamma ray response
suggests varying shale content. The upper Morrow has average density of 2.71 gm/cc
(Figure 3.1). The upper Morrow consists of marine limestone and basinal shales with
minor amounts of sandstones. The carbonate units have been interpreted to onlap the
thick, clastic fluvial-deltaic sequence of reservoir sands (Casavant, 1999) in the White
City Penn Gas Pool, south of the Buffalo Valley field in Eddy County. The separation
between the overlying Atoka Formation and upper Morrow interval is considered to be a
shale unit, however, a distinct separation between the Atoka and the upper Morrow in the
Buffalo Valley area is not observed. The transition is similar to that in the ParkwayEmpire Field where a distinct Atoka-Morrow contact is also not observed (James, 1985).
The Atoka Formation lies between the Strawn and Morrow formations. Ota
(2001) and Casavant (1999) noted that the basal contact of the Atoka is an erosional
unconformity. The major lithological units of the Atoka Formation consist of limestone
with interbedded shale and sandstone. The wireline log signature (Figure 3.1) shows two
distinct events: an upward fining and upward coarsening sequence. Ota (2001) notes that
the lower Atoka is marked by a fining upward sequence characteristic of a fluvial
environment. In the Buffalo Valley area, the lower Atoka consists of sandstone and shale
and shows a fining upward cycle in the gamma ray log. The upward fining sequence is
interpreted to represent of a shift from deltaic to marine environments. James (1985)
described the Atoka sands as being deposited in a shallow marine environment as
prograding beach and bar sands.
The gamma ray log signature exhibits a “bell shaped” (upward low to high)
response indicating fining upward sequence in the upper part of the Atoka Formation.
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The fining upward sequence is interpreted to include smaller coarsening upward
parasequence. The parasequence resulted from sands formed in deltaic environments later
terminated by marine encroachment associated with sea level transgression (Sanchez,
2004); marine shale was deposited as the uppermost lithological unit.
The middle and upper Pennsylvanian Strawn, Cisco, and Canyon formations
begin with a deep marine shale base and grade into deeper marine carbonates. The
Strawn Formation is associated with a thick carbonate sequence of deep marine origin.
The overlying upper Pennsylvanian Canyon and Cisco formations represent cycles of
marine transgression and regression with carbonates at the top.

3.2 Structure in terms of the Regional Setting
Regional subsea structure maps of the Chester and Atoka formations were
constructed to help place the local structures of the Buffalo Valley field into the regional
context of structure along the Northwest Shelf of the Delaware Basin in this area. The
structure maps are based on the well logs and formation top depths obtained from
driller’s log. A total of 20 townships were used in the regional study, including 4
townships from Chavez County and 16 from Eddy County (Figure 3.2).
The top of the Mississippian Chester Formation is an easily identified and
persistent contact in the area and provides a reliable view of regional structure in the area.
The top of the Chester is a limestone that is easily distinguished from the overlying
Barnett shale on the well logs (Figure 3.1). Limestone at the top of the Chester Formation
is characterized by low gamma ray and high density. The contact with the Barnett occurs
as a sharp break from low to high gamma ray and high to low density in the Barnett
Shale.
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Structure on the top of the Chester Formation (Figure 3.3) dips uniformly to the
southeast with a strike of about N30oE. The structural high is located towards the
northwest corner of the map with subsea elevation of -3500 ft and a structural low is
located in the southeast corner of the map with maximum subsea elevation of -8500 ft.
The average dip across the shelf in this area is approximately 16oSE. Steepening of the
gradient along a trend passing through the Buffalo Valley field suggests that the field lies
over the hinge area separating the Northwest shelf from the Delaware Basin. The
northeast structural trend of the Chester Formation is similar to the northeast structural
trend of the Precambrian basement described by Hills (1970) (Figure 3.4). This suggests
basement control over the overlying Chester units.
The regional structure on the top of the Atoka Formation (Figure 3.5) is similar to
that observed on the underlying Chester Formation. The structure on the Atoka is
associated with a pronounced NE-SW strike; regional dip is to the southeast toward the
interior of the Delaware Basin. The subsea elevation to the top of the Atoka ranges from
-3600 ft (relative to sea level) on the shelf area to -7500ft toward the interior of the
Delaware Basin. The regional strike is comparable to the paleodepositional northeastsouthwest trend of the Atoka Formation described by James (1984). The regional
northeast structural trend is also similar to the structural trend of the Precambrian
basement described by Hills (1970).
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Figure 3.2: Townships with Well locations used in the regional study.

Figure 3.3: Subsea structure map on top of the Chester Formation. Contour interval, 100
ft.
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Figure 3.4: Precambrian basement configuration of the New Mexico-West Texas region.
The study area on the Northwest Shelf is highlighted by red rectangle, (Modified from
Hills, 1970).

26

Figure 3.5: Subsea structure on the top of the Atoka Formation. Contour interval, 500ft.
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An isopach map of the Atoka to Chester interval was constructed to illustrate the
influence of differential subsidence during the deposition of these intervals. The Isopach
map (Figure 3.6) reveals thickening to southeast. The thickness increases from about 100
ft in the northwest to 1150 ft towards the interior of the Delaware Basin to the southeast.
Isopach trends are NE-SW and parallel the ancient depositional shoreline of the AtokaMorrow interval. Thickening into the Delaware Basin also coincides with the pre-existing
NE-SW Proterozoic line of weakness described by Hills (1970). The steepened NE-SW
gradient that crosses the area to the northwest across the area may be evidence for a
deeper basement fault beneath the area.

3.3 Local Structure within the Buffalo Valley field
This section presents a brief description of the structural characteristics of the
Buffalo Valley field within the vicinity of the 3D seismic survey. The discussion is
restricted to the presentation of the structural maps of the Permian-Glorietta and
Wolfcamp interval, Pennsylvanian Cisco and Morrow interval, and the Mississippian
Barnett shale and Chester Formation.
3.3.1 Chester Formation (Upper Mississippian interval)
As explained in Chapter 2, the Chester Formation consists of a carbonate interval
beneath the Barnett Shale. It is also assumed that the top of the Chester represents a
conformable but abrupt transition from shallow to deep water depositional environments.
This sharp limestone to shale boundary provided an easily identifiable structural
reference horizon.
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Figure 3.6: Isopach of the Atoka-Morrow interval. Contour interval, 50 ft. (Top of the
Mississippian Chester Formation to top of the Atoka Formation).

Figure 3.7: Seminole type anticline on the Northwest Shelf described by Galley (1968).
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Subsea elevation to the top of the Chester ranges from 3900 ft to 5725 ft (Figure
3.8). The structural high is located to the northwest; the structural low lies southeast of
the seismic survey area. A low relief anticline cuts NW to SE through the area parallel to
a low that extends into the center of the area from the southeast and then bends to the
north. These gentle folds show some similarity to the Seminole fold (Figure 3.7)
described by Galley (1968) on the Northwest Shelf area. He interpreted that these folds
resulted from mild lateral compression and differential subsidence into the Delaware
Basin area.
Areas of localized steepening in the structure are interpreted as potential faults
(Figure 3.8). The locations of these steepened zones are enhanced in the residual map.
The regional trend was calculated using a “Minimum Curvature” gridding algorithm
available in the GeoAtlas module of GeoGraphix. This algorithm initially calculates the
gross average value of the data and identifies the minimum number of nodes needed to
represent the regional trend of the data followed by successive iteration that calculates
additional grid notes to incorporate influence of local features (GeoAtlas help file,
version 8.5). The residual map was obtained after subtracting the second derivative of the
structure from the regional trend map. The regional and residual structural trends are
illustrated in the figures 3.9 and 3.10, respectively. The residual map revealed the
presence of a relative structural low that trends roughly north-to-south through the survey
area (Figure 3.10).
The two maps (figures 3.8 and 3.11) show close correlation. The plunging
anticline and syncline observed in Figure (3.11) are delineated in more detail in the map
generated for this study (Figure 3.8). The additional detail revealed in this study is
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Figure 3.8: Subsea Structure Map on the top of the Chester Formation. Contour interval,
25 ft.
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Figure3.9: 2nd order Structural trend map of the Chester Formation. Contour interval, 25
ft.

Figure 3.10: Chester structure 2nd order residual map. Contour interval, 25 ft.
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likely due to better well control. The number of wells used in this study is greater than the
number of wells used to compile the RGS map. Structural cross-sections in strike and dip
direction are illustrated in figures 3.12 and 3.13. The location of these cross-sections is
shown in the Figure 3.14. These cross-sections clearly reveal structural control during the
deposition of the Pennsylvanian units. The strata thicken towards the south and east ends
of the cross-sections along the margin of the Delaware Basin.
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Figure 3.11: Structure on top of the Chester Formation, Roswell Geological Society
Volume (1993).

Figure 3.12: Lines showing the cross-section location within the seismic survey area. N-S
and E-W represent north-south and east-west cross sections respectively.
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Figure 3.13: Structural Cross –section roughly along the strike (N-S line in Figure 3.12).
Vertical scale to right is subsea elevation in ft.
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Figure 3.14: Structural Cross –section roughly along the dip (W-E line in Figure 3.12).
Vertical scale to right is subsea elevation in ft.
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3.3.2 Atoka Formation
The structure on top of the Atoka formation (Figure 3.15) shows some similarity
to that of the Chester. A structural ridge or anticlinal nose juts northwest to southeast
orthogonal to the regional northeast trend of the shelf. This ridge extends through section
1 of township 15S/27E and section 7 of 15S/28. Structural relief across this ridge is
roughly 50 to 75 feet. The Atoka has a strike of roughly N30oE and an approximate dip of
15oSE. Faults interpreted on the structure contour map of the Chester are also interpreted
on the structure contour map of the Atoka in areas of steepened structural gradient
(Figure 3.15). The second order residual map reveals a northeast-southwest trending
structural high running through the center of the area (Figure 3.16).
The isopach map (Figure 3.17) of the Atoka-Morrow interval shows a zone of
thickening that extends roughly northwest to southeast through the area. The thickness is
highly variable and ranges from approximately 180 ft to 500 ft. The zone of thickening
strikes at high angle to the northeast-southwest trend of the paleo-shoreline during the
deposition of Atoka and Morrow formations described by James (1984). The steepened
thickness gradient occurring to the northwest along the thickened zone may be associated
with syndepositional growth across the fault interpreted in that area (Figure 3.15).
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Figure 3.15 : Subsea Structure on the top of the Atoka Formation. Contour interval, 25 ft.
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Figure 3.16: Second order residual structure on top of the Atoka. Contour interval, 25 ft.
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Figure 3.17: Isopach of the Atoka-Morrow interval. Top of Atoka to the top of the
Chester. Contour interval, 20 ft.
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3.3.3 Strawn Formation
The Pennsylvanian Strawn Formation overlies the Atoka Formation. The Strawn
has a strike and dip similar to that of the underlying Atoka and Chester formations.
Subsea elevations range from a minimum of 4075 feet to the northwest to a maximum of
4850 ft to the southeast. An elevated structural nose extends to the southeast near the
center of the area (Figure 3.18). The structure coincides with a similar structure observed
in the undulating Atoka and Chester formations. The synclinal trough located southwest
of this nose is well developed only in the Chester Formation structure (Figure 3.8).
Isopach map of the Strawn Formation shows considerable variability in thickness
(Figure 3.19). The thickness ranges from a minimum of 250 ft to a maximum of 450 ft. A
zone of relative thinning crosses the area from northwest to southeast through the center
of the area and coincides roughly with the alignment of noses observed in the Atoka
structure (Figure 3.15). The thickened zone observed in the Atoka-Morrow isopach does
not appear in the Strawn. The changes in thickness suggest minor syndepositional
movement of deeper structure during the deposition of the Strawn. Thinning of the
Strawn to the southeast coincides with a structural low in the Strawn. This suggests that
local uplift of a relatively small structural block occurred during deposition.
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Figure 3.18: Subsea structure map on the top of the Strawn Formation. Contour interval,
20 ft.
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Figure 3.19: Isopach of the Strawn Formation. Contour interval, 20 ft.
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3.3.4 Cisco and Canyon formations
The Cisco and Canyon formations represent cyclical trangressive and regressive
sequences (Hills and Galley, 1988). Subsea elevations to the top of the Cisco range from
3200 ft to 3800 ft. Cisco structure is similar to that observed on the Atoka; the structure is
marked by a NE-SW strike and southeast dip (Figure 3.20). The low observed in the
Strawn to the southeast is occupied by nose- or shoulder-like ridges that extend to the
southeast. The structural nose observed in deeper Atoka reappears in the Cisco
Formation.
The Cisco-to-Strawn isopach reveals a rough trend of north-to-south thickening
that occurs at an angle to regional strike (Figure 3.21). Pronounced local thickening
observed in the southeast corner of the area appears to be associated with the structural
nose and adjacent trough observed in the structure map. Overall, the axis of subsidence
appears to have shifted to the south during deposition of the Cisco-Strawn interval. The
zone of thickening coincides with infilling of the structural low in the Strawn and
elevated structure on the surface of the Cisco.
The isopach map of the entire Pennsylvanian interval (Top of the Cisco- toChester plus the Barnett Shale) reveals a general south-southeast thickening trend (Figure
3.22). A wedge of thicker sediments also extends south-southeast through the center of
the area. In the regional context, this zone of thickening follows the regional north-south
oriented trend of a pre-existing zone of weakness described by Hills and Galley (1988).
The steepened thickness gradient in the western part of the area suggests the possibility of
syndepositional growth across a deeper fault that continued to Upper Pennsylvanian time.
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Figure 3.20: Subsea structure on top of the Cisco Formation. Contour interval, 50 ft.
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Figure 3.21: Isopach from the top of the Cisco Formation to the top of the Strawn
Formation. Contour interval, 20 ft.
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Figure 3.22: Isopach of the Pennsylvanian interval including the Barnett Shale. Contour
interval, 25 ft.
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3.3.5 Wolfcamp Formation and Glorietta formations
Structure on the top of the Wolfcamp Formation (Figure 3.23) has northeastsouthwest strike with regional dip to the southeast similar to the underlying formations.
Subsea elevations range from 2400 ft to 2980 ft. The isopach of the Wolfcamp Formation
(Figure 3.24) reveals a pronounced belt of thickened section that trends nearly northsouth in the northern part of the area before bending to the northeast. The area to the
southeast is defined by two wells that suggest thickening in excess of 1000 ft in this area.
The structure map on the top of the Glorietta Formation is illustrated in Figure
3.25. Elevations at the top of the Glorietta range from 1000 ft to 150 ft above sea level.
The structure on Glorietta is more irregular than that on the underlying Wolfcamp. A
pronounced structural depression cuts through the center of the area that opens into an
expansive low to the east and southeast. Isopach of the Glorietta-to-Wolfcamp interval
(Figure 3.26) shows features related to structure on the top of the Glorietta. A thicker
north-south trend coincides with a north-south trending structural ridge (Figure 3.25).
The structural low in general, coincides with an area of thinner Glorietta. In contrast to
the southeast thickening trend of the lower Permian and Pennsylvanian intervals, the
isopach of the Glorietta-Wolfcamp interval shows thickening in the northern part of the
study area. This thickening across the northern part of the area appears to be associated
with elevated structures on the Glorietta relative to that on the underlying Wolfcamp.
Thickening in the south-west corner outside of the seismic survey area is also observed.
Thickening to the north and south may have been produced by local uplift through the
center of the area deposition. If so, a later episode of subsidence would be required to
drop the thinned section relative to the structural highs northeast and southwest.
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Figure 3.23: Subsea structure on top of the Wolfcamp Formation. Contour interval, 25 ft.
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Figure 3.24: Isopach of the Wolfcamp Formation. Contour interval, 20 ft.
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Figure 3.25: Structure on top of the Glorietta Formation. Contour interval, 50 ft.
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Figure 3.26: Isopach of the top of the Glorietta-to-top of the Wolfcamp interval. Contour
interval, 50 ft.
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3.4 The Morrow Channel Sand
The Morrow channel sand in the Buffalo Valley area is referred to as the Harris
Channel (Roswell Geological Society Volume, 1993). As discussed in section 3.1,
Morrow production is from the Morrow sands of the Lower Morrow. These sands were
deposited as part of a meandering fluvial channel system flowing from northwest to the
southeast through the region (Mazzullo, 1999 and James, 1985). The source area for these
sands was the Pedernal uplift to the northwest (James, 1985). James (1985) also notes
there was some influx of sands from the uplift of the Central Basin Platform to the east
along the eastern margin of the Delaware Basin.
The Buffalo Valley channel sands have average density of 2.5 g/cc and average
porosity of 8-10 % (Sanchez, 2005). The average sand thickness ranges from 5-30 ft.
Based on the resolution limits of the seismic data examined in Chapter 4, the top and base
of these channels cannot be resolved as distinctly separate reflection events. The Harris
Channel is difficult to identify in well logs due to limited well coverage and the poor
quality of many of the older logs. This made it difficult to prepare an accurate net sand
map for the Morrow. As an alternative, the thickness of the underlying Barnett Shale was
mapped. The high gamma response of the Barnett Shale makes it easy to map. Since the
Harris Channel represents a valley fill deposit that cut into the underlying Barnett Shale,
it was suggested (Oldham, personal communication) that thinner Barnett Shale intervals
would result from channel scour and help identify the aerial distribution of the channel.
Hence, an isopach map of the Barnett Shale was computed, and based on this isopach, the
thickness of the lower Morrow channel sand was interpreted.
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Oil production data from the Buffalo Valley field was used to assess the possible
linkages between the oil production and seismic response in the field. It was also used as
a guide to roughly infer the channel sand location. Production in the Buffalo Valley field
from the Harris Channel sand was calculated using data obtained from the New Mexico
Tech “Go-Tech” site at http://octane.nmt.edu/data/ongard/. Production data could be
found only for 57 wells out of a total of 110 wells within the Buffalo Valley area. The
annual cumulative production for four wells is illustrated in Figure 3.27. The figures
show significant drop in production after a 5 to10 year period. Based on these figures it
was decided that a five-year cumulative production map would help to define the major
producing trends in the area. A typical example of the monthly production variation is
shown in Figure 3.28 for an 8 year period for the Lula-3 well (API no. 3000560481).
Oil production in the Buffalo Valley field is shown in Figure (3.29). The average
5-year cumulative production per well calculated from 57 wells in the field is 4842.07
Bbl. An arcuate belt of high production extends towards the southeast through the
northern half of the field and then swings into a nearly east-west trend before turning
south near the southwest corner of the area. This overall belt of high production defines
the Harris Channel as it meanders through the area. The interruption along this trend in
the middle of the area may be related to the segmentation of the channel or perhaps to the
presence of a low porosity channel, typical of the meandering channel system.
The Barnett Shale isopach (Figure 3.30) reveals thickness variations from a
minimum of 20 ft to maximum of 90 ft. The minimum thickness trend correlates well to
the high production trends. The thinner Barnett Shale zone appears to be a reliable
indication for the presence of the Harris Channel. Polygons outlining thinned intervals
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Figure 3.27: Yearly production figures for the selected wells in the Buffalo Valley field.
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Figure 3.29: Five year cumulative oil production. The highlighted yellow dots locate two
wells with very high production. These wells were omitted from the contoured data.
Greenish to yellow shades represent the majority of high production in the field.
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Figure 3.30 : Isopach of the Barnett Shale. Contour interval, 10 ft.
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were digitized from the Barnett Shale isopach map. These polygons were then overlain
on the production map to illustrate the quality of agreements between the thinned Barnett
Shale and high oil production trend (Figure 3.31). The correlation provides strong support
for the interpretation that the area of thinned Barnett Shale corresponds to the location of
the Harris Channel.
A polygon representing thinned Barnett Shale zones is overlain on the 2nd order
residual structural map of the Chester Formation (Figure 3.32). The result showed little
relationship between the Chester residual and the thinned areas in Barnett Shale. In
general, the Barnett thins are aligned with a residual high to the east of the area along the
northwest-southeast trend. There is some alignment with the residual high to the
southwest.
Similarly, no clear relationship between production and structure in the
underlying Chester is observed (Figure 3.33). Some channel segments are located over
structural highs and some over relative lows or along steepened structure gradients
(Figure 3.33). However, the Harris Channel deviates from an expected NW-SE trend
normal to the early Pennsylvanian shoreline. The course of the channel may have been
deflected into a more north-south trend along the fold axis. Hints of North-South oriented
faults in the Atoka and Chester structure and isopach may be related to underlying
structural controls during the channel movement and migration during Morrowan time. In
the seismic interpretation presented in Chapter 5, north-south trending faults border the
field on the east and west. The well log derived structure suggests faults may be present
but do not clearly define their location and extent.
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Figure 3.31: Vector overlay of thinned zones in the Barnett Shale (shown in yellow) are
superimposed on the production map.
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Figure 3.32: Thinned areas in the Barnett shale are superimposed on the 2nd derivative
map on the Chester structure. Contour interval, 25ft.

Figure 3.33: Areas with high oil production (shaded polygon) are superimposed on the
Chester structure. Contour interval, 25 ft.
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CHAPTER 4
SEISMIC RESOLUTION

4.0 Introduction
The ability to resolve stratigraphic environments in seismic data sets generally
depends on its bandwidth and wavelet phase. The limited spectral content of a seismic
data set imposes inherent limits on the seismic interpretation of stratigraphic features both
laterally and vertically. The target interval of this study is the Morrow channel sand,
locally referred to as the Harris Channel. This sand is relatively thin (5-30 ft thick),
laterally discontinuous, and generally un-resolvable in the seismic data set. The seismic
resolution limits of a given data set specify the minimum horizontal and vertical
dimensions of the target body that can be precisely delineated at a specific depth or twoway travel time. Resolution is often evaluated in terms of the spectral properties of the
seismic wavelet and should be fully considered in the analysis and interpretation of
stratigraphic features in the seismic data. An appreciation of these inherent resolution
limits is critical to objective seismic stratigraphic interpretation.

4.1 Theory
An evaluation of seismic resolution limits addresses basic questions concerning
the ability of the seismic dataset to resolve the top and bottom of a layer as distinctly
separate reflections, and the ability of the seismic data to accurately resolve the lateral
extents of stratigraphic elements.
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Sheriff (1999) defined resolution as “the ability to tell that more than one feature
is contributing to an observed effect.” Resolution limits are specified in terms of the
minimum vertical and horizontal dimensions of an object that can be resolved. The
vertical resolution limit defines the minimum thickness of a layer for which the reflection
from the top is distinctly separate from the reflection from the base.

The vertical

resolution limit depends upon the thickness of a layer, its interval velocity and impedance
contrasts within the bounding layers (Sheriff and Galadart, 1999). The fundamental
attributes of the seismic data which limit its ability to resolve the top of a layer from its
base are its bandwidth and dominant frequency. The frequency and bandwidth
relationship is illustrated for an idealized spectrum in Figure 4.1.
The dominant time period (τd) corresponds to the time interval between wavelet
side lobes (Figure 4.2). The reciprocal of τd gives the dominant frequency (fd) of the
signal i.e., fd = 1/ τd. The dominant frequency (fd) normally does not equal the peak
frequency (fp) unless the spectrum has symmetrical shape (Figure 4.1).
The reciprocal of bandwidth provides a measure of wavelet duration. Bandwidth
(fb, Figure 4.1) is defined as the frequency range between half-power points or 0.707
amplitude points. The bandwidth is inversely proportional to wavelet duration. Wavelets
with high dominant frequency and small bandwidth have numerous short-period high
amplitude side lobes.
The vertical resolution limit is often expressed as a function of the dominant
period. At the resolvable limit, the separation of reflection events from the top and base
of a reflected layer corresponds to one half the dominant period (i.e.½τd). This also
corresponds to the time separation between the peak and adjacent trough of a seismic
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fp

fb

Figure 4.1: Amplitude spectrum showing amplitude versus frequency. Bandwidth in this
study is defined as the range of frequencies separating 0.707 of the amplitude points
(i.e. half power points) in the spectrum.
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Figure 4.2: The dominant period τd is the time interval separating side lobes in the zero
phase wavelet shown above.

63

wavelet (i.e. τd/2 in Figure 4.2). The resolvable limit also corresponds to the layer
thickness that produces maximum constructive interference between reflections from the
top and base of the layer. This thickness is also known as the tuning thickness. The
minimum resolvable thickness (T) can be estimated using the relationship vτd/2, where
“v” is the interval velocity of the layer in question.
In the case of horizontal resolution, the resolution limit is defined by the radius of
the Fresnel zone. The Fresnel zone radius defines the minimum resolvable radius of a
disk shaped object. Mathematically, the horizontal resolution limit ( RF ) is given as,
RF =

v Rms
τ d ×t
2

(modified after Badley 1985). RF is the radius of the Fresnel Zone,

τd is the dominant period of the seismic data in the zone of interest and v Rms in this case
is the rms velocity. The relationship of the Fresnel zone radius as a function of frequency
and depth is illustrated in Figure 4.3.
Figure 4.3 illustrates that the Fresnel zone radius decreases with increased
frequency. Similarly, the Fresnel zone radius increases with increased depth. Attenuation
of seismic waves as they travel through the Earth varies as a function of frequency.
Amplitude attenuation increases with frequency. Attenuation denotes the energy loss of
the seismic waves as they travel away from the source. The amplitude of the seismic
wave at a distance r from the source is given as,

A(r)=A o e−α r

………………………..(4.1)

where, Ao is the amplitude at the source and α is the attenuation factor which can be
written as,

α=

πf
Qv

…………………………(4.2)
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Figure 4.3: Relationship of Fresnel zone radius to depth (A) and frequency (B).The
Fresnel zone radius was computed using a velocity of 15860 ft/s (velocity of the Harris
Channel) and frequency of 66.66 Hz.
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Here, Q is an absorption constant (known as the quality factor) proportional to the
reciprocal of the energy dissipated over one cycle, and f and v are the frequency and
velocity of the wave respectively. The above relationship also shows that the amplitude
of the seismic waves progressively decreases symmetrically with distance traveled. The
formula for α reveals that attenuation increases with f and varies inversely with Q. Thus
as depth and two-way travel time increases, the dominant frequency in the seismic data
becomes progressively lower. The lower dominant frequency results in reduced
horizontal (RF) and vertical (T) resolution limits.

4.2 Resolution of the Atoka-Morrow Interval
Horizontal and vertical resolution limits for the Atoka-Morrow interval were
estimated in the vicinity of the Lula 3 well. An amplitude spectrum (Figure 4.4) was
generated from 736 traces around the Lula 3 well taken from segments of 23 lines each
having 32 traces. The spectrum was generated from a 0.2 second time window that
extended from 0.95 seconds to 1.15 seconds. This time window included reflections from
the Atoka at 1.041 seconds and the Morrow at 1.059 seconds. Spectra were generated for
both P-wave and PS-wave data sets (Figure 4.4a and 4.4b). Comparison of the two
spectra reveals that the P-wave spectrum has peak amplitude at 47 Hz; the PS-wave
amplitude spectrum has peak amplitude at 44 Hz. Both amplitude spectra are
asymmetrical. Similarly, bandwidth for P-wave data is 63 Hz while that of the PS-wave
data is only 27 Hz.
The P and PS-wave data are presented for comparison in Figure 4.5. Interval
velocity variations in the Atoka and Morrow intervals are illustrated for the Lula 3 well
velocity log in Figure 4.6. The lower Morrow channel sand (Harris Channel) illustrated in
66

this well is about 15 feet thick. The velocity for this channel sand was estimated to be
approximately 15860 ft/s. Similarly, interval velocity for the Atoka interval was obtained
by averaging the interval velocity between the top and bottom of the Atoka Formation
which was calculated to be 16235 ft/s.
The vertical resolution limit can be estimated in two ways. The first approach
utilizes a simple approach to computation discussed earlier based solely on the dominant
period and interval velocity of the target interval. The second method incorporates
computations of resolvable limit that are based on the shape of the wavelet from the zone
of interest. In the first approach, the dominant frequency is often approximated using the
peak frequency measured directly from the amplitude spectrum. However, the spectral
peak is a good approximation of the dominant frequency only when the spectrum is
symmetrical, but can lead to significant error if it is not symmetrical. The potential error
resulting from the approximation is illustrated in the following discussion.
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Figure 4.4a: Amplitude spectrum generated for the P-wave data.
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Figure 4.4b: Amplitude spectrum generated for the PS-wave data.
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a)

b)
Figure 4.5: Comparison seismic response in a time window extending from 0.95 to 1.15
seconds: a) P-wave seismic response and b) PS-wave response.
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As illustrated in the Figure 4.4, both the P-wave and PS-wave amplitude spectra
are asymmetrical but have similar peak frequency. Their peak frequencies were used as
dominant frequencies to estimate the resolution limit for the Atoka-Morrow interval as
discussed previously. The results of the computations are tabulated in Table 4.1. The
results indicate that the P-wave data has slightly better resolution limit (i.e. estimated
tuning thickness) than the PS-wave dataset. The tuning thickness for the Morrow sand
was calculated to be 84.36 ft using P-wave data, while that for the PS-wave data was
90.11 ft.

Data type
P-wave
PS-wave

Interval
Atoka
Morrow sand
Atoka
Morrow sand

Vertical Resolution
Dominant frequency
estimated from Peak
Interval velocity
frequency (Hz)
(ft/s)
47
16235
47
15860
44
16235
44
15860

wave period
(s)
0.0212
0.0212
0.0227
0.0227

Tuning Thickness
(ft)
84.36
88.56
92.24
90.11

Table 4.1: Vertical resolution limit calculated for the P-wave and PS-wave data using
Rayleigh’s criteria.
The dominant bandwidths of the two data sets were determined from the
frequency range between 0.707 of the amplitude points (i.e. equivalent half-power
points). The P-wave data in the analysis window has a bandwidth of 63 Hz, ranging from
21 to 84 Hz. In case of the PS-wave data, the bandwidth is only 27 Hz, ranging from 30
to 57 Hz.
The estimated resolution limits derived from the peak frequencies of the P-wave
and PS-wave datasets are quite similar. However, considerable differences in bandwidth
and shape of the spectra from these two datasets can be observed (Figure 4.4). The
narrower bandwidth of the PS-wave dataset produces broadening in the seismic wavelet

71

which leads to an increase in the actual resolvable thickness. The spectral bandwidth and
shape exert important control on actual resolution limit.
A second approach to the evaluation of resolution limits incorporates the details
of wavelet and spectral shape into the evaluations. For a given wavelet, the apparent
travel time separating reflections from the top and base of a thinning layer, and the
variation in peak-to-trough amplitude in the composite reflection associated with the
thinning layer are calculated. These data are represented in two plots referred to as
calibration curves (Figure 4.9) (Neidel and Poggiagliomi, 1977). The calibration curves
were generated in Kingdom Suite. In this plot, apparent travel time and peak-to-trough
amplitude variation are shown on the lower and upper scale respectively. The vertical
scale corresponds to the actual travel time through a layer. Travel times in the figure are
one way travel times. The diagonal line ‘A’ depicts apparent versus actual time through
the thinning layer. At point B note that the apparent travel time deviates from the actual.
The apparent travel time between reflections from the top and base of the layer remains
nearly constant at 0.0065 seconds beyond point ‘B’. The idealized relationship is
continued beyond point ‘B’ and illustrates the idealized case for which apparent and
actual time continue to be the same even though the layer thins.
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Figure 4.7: Wavelet extracted from the P-wave data
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Figure 4.8: Wavelet extracted from the PS-wave data
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As the layer thins, reflections from the top and base of the layer start to overlap in
time. Initially there is constructive interference between these two reflections. The peaktrough amplitude increases to a maximum at point D, referred to as the tuning amplitude.
The minimum time resolution measured on the x-axis and the actual time at which tuning
occurs, measured on the y-axis are approximately equal.
The dominant frequency is best estimated directly from the extracted seismic
wavelet (e.g. figures 4.7 and 4.8). As noted earlier (Figure 4.2), the dominant frequency
is the reciprocal of the time interval separating the side lobes on either side of the wavelet
peak (figures 4.2 and 4.7). This time τd is equal to 0.015s; thus the dominant frequency
(fd) of the P-wave wavelet (Figure 4.7) is 66.66 Hz. The two reflections begin to interfere
with each other at a one-way time separation of approximately 0.04 seconds. The
amplitude of the composite reflection reaches a maximum (the tuning amplitude) at a two
way time of 0.007 seconds (Figure 4.10). The tuning time corresponds approximately to
half the dominant period. The dominant frequency of 66.66 Hz is obtained from the
reciprocal of twice the tuning time. This also corresponds to the time separation between
the side lobes of the extracted wavelet (i.e. 0.015 seconds as shown in Figure 4.7).
Using an interval velocity of 15860 ft/s for the Morrow channel sand, the
resolvable limit is calculated to be 59.5 ft. Similarly, using interval velocity of 16235 ft/s
the resolvable limit for the Atoka Formation was calculated to be 60.8 ft.
Calibration curves were also constructed for the PS-wave data for the same time
and trace window (Figure 4.10). The amplitude of the composite reflection reached a
maximum at two-way time 0.00895 seconds (i.e. the two-way tuning time). The dominant
frequency of 58.7 Hz was obtained from the time period separating the side lobes of the
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extracted wavelet (Figure 4.6b). Using interval velocity of 16235 ft/s and 15860 ft/s for
the Atoka and Morrow sand, the tuning thickness was determined to be 68.9 ft and 67.4 ft
respectively.
The velocity for the PS-wave data is considered to be the same as that of the Pwave data since travel times in the available PS-wave volume have been corrected
equivalent to P-wave travel times. A discussion of Vp-Vs relationship is presented in
Chapter 6. Vp/Vs ratios observed in the lower Pennsylvanian range from approximately
1.6 to 1.9. Actual shear wave times (Ts) vary as (Vp/Vs)Tp where Tp is the P-wave travel
time. The P-wave travel time would vary as

Tp
2

(1 +

Vp
Vs

) . Because travel times in the PS-

wave volume have been compressed, this also has the effect of increasing the apparent
frequency content. However, as shown in Figure 4.4, the bandwidth of the PS-wave data
is significantly less than that of the P-wave data which leads to an increase in the
minimum resolvable thickness.
As shown, resolution estimates can be made in various ways. Calculation based
on the peak frequency yielded a resolution limit of 84.36 ft for the Morrow Channel sand
using P-wave data. Use of the Calibration curves on the other hand indicates that
resolution of 59.5 ft thick sands is possible. The peak frequency in a spectrum is not
equivalent to the dominant frequency in most cases. An accurate estimate of the dominant
frequency is the reciprocal of the time separation between side lobes adjacent to the
wavelet peak.
The larger bandwidth of the P-wave data (63 Hz) produces a wavelet with much
shorter dominant period than that associated with the PS-wave data which has only a 27
Hz bandwidth. Estimate of the horizontal resolution limit (the Fresnel zone radius) are
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tabulated in table 4.2. The computations were made using the average rms velocity
available from the well velocity survey for the Lula 3 well. The dominant frequency was
obtained from the extracted wavelet (Figure 4.8 and 4.10). The results show that the
Fresnel zone radius of the P-wave data is slightly smaller, by approximately 68 ft, than
that for the PS-wave data.

At the depth of the Atoka-Morrow intervals, Rf is

approximately 1000 feet. This implies that reflection events from these intervals are
affected by the acoustic properties of roughly circular regions with a radius of
approximately 1000 ft.
Data type
P-wave
PS-wave

Interval
Atoka
Morrow
Atoka
Morrow

Horizontal Resolution
Dominant frequency
RMS velocity
(Hz)
(ft/s)
66.66
16742
66.66
16727
58.82
16742
58.82
16727

Depth (ft)
8403
8540
8403
8540

Fresnel Zone
Radius (ft)
1045.58
1054.15
1113
1122.2

Table 4.2: Horizontal Resolution limit calculated for the P-wave and PS-wave data.

Sanchez (2004) used a peak frequency derived from the amplitude spectrum to
estimate the resolution limits of the Atoka-Morrow interval. He obtained a peak
frequency of 45 Hz and estimated the tuning thickness for the Atoka-Morrow interval to
be between 83-88 ft for the P-wave data. As shown above, this overestimates the
minimum resolvable thickness. Use of Calibration curve yields minimum resolvable
thickness of between 59.5-60.7 ft. The results of Sanchez (2004) are similar to those
presented above in Table 4.1. Use of the dominant frequency rather than peak frequency
yields a smaller resolvable limit. Analysis of calibration curves also incorporates the
influence of wavelet shape and phase on the resolution limit. In general, the analyses of
calibration curve provide the most reliable estimates of the resolution limit.
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Comparison of the P-wave and PS-wave data reveals that the P-wave data can
resolve intervals that are only 60 feet thick whereas intervals of about 70 foot thickness in
the PS-wave data. This corresponds to an 10% increase in P-wave resolution limit
relative to the PS-wave limit.
The minimum resolvable thickness of the Morrow sands is about 60 ft in the Pwave data. Given that the Morrow channel sands have thickness of from 5-30 ft, it is
clear that the top and base of the channel will not be clearly resolvable in P or PS-wave
data. However, note that on the normalized amplitude plot (red curve in Figure 3) the
amplitude associated with this travel time will be nearly 40-50% of the peak amplitude.
Thus, while the channel may not be resolvable, it may be detectable; it may have
significant influence on the composite response of reflection events in the vicinity of the
target horizon. Detectability depends on several factors including background noise
levels, and the level of interference from nearby reflection events. The challenge of 3D
interpretation in this area is to hunt down the subtle indicators for the presence of the
Harris Channel in the seismic response. Evaluation of RMS amplitude and the average
absolute value of reflection amplitude associated with the lower Morrow interval may
reveal areas of high sand concentration (see Chapter 5 and 6 ).
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CHAPTER 5
SEISMIC P-WAVE DATA INTERPRETATION

5.0 Introduction
The 3D P-wave seismic volume interpreted in this study covers an area of 24 sq
miles in the heart of the Buffalo Valley field. In this study 3D seismic interpretations
were made of several intervals extending from the Permian age Glorietta to the
Mississippian Chester Formation with emphasis placed on lower Pennsylvanian intervals.
Interpreted reflection events extended from approximately 0.406 seconds (top of the
Glorietta) to 1.082 seconds (top of the Chester). Major faults observed in the seismic data
are interpreted and their history of motion is discussed.
Interpretation of the 3D seismic data volume yields travel time and isochron maps
of reflecting horizons. Interpretations were restricted to fairly continuous and prominent
reflection events observed in the data. These events are usually associated with
reflections from stratigraphic boundaries (e.g. top of the Strawn or top of the Wolfcamp).
Ideally, the map view of a reflecting horizon will reveal components of the depositional
system such as channel morphology and its extent through an area. Such features may be
uncovered by examining successive time slices through the 3D volume. Thin and
localized stratigraphic units such as sand lenses or channels may not be observable as
distinct reflective horizons but their cumulative effects may be observed in the time slice
flattened to nearby horizons or in the properties of windows of data centered about the
horizon.
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The first step in a seismic stratigraphic interpretation is to establish the
relationship between the stratigraphy and corresponding reflection events in the seismic
data volume. The relationship is established by tieing well log data to the seismic data.
The tie between subsurface geology and seismic response at Buffalo Valley was
established at the Lula 3 well. A successful tie between the synthetic and surface seismic
was achieved by first making a tie to the near-offset VSP (Wilson and Pyakurel, 2005).
Time shifts in the stacked seismic data introduced by processing led to difficulties in
making a direct tie. Use of the well velocity survey and near-offset VSP helped identify
the time shift between the processed surface and well-seismic travel times. The acoustic
properties of subsurface strata, especially the Atoka-Morrow interval, detected by the
sonic log are not typical of the larger (Fresnel zone scale) volume of rock being sampled
by the surface and VSP waveforms. These Fresnel zone effects (see Chapter 4) also
contributed to a less-than-perfect tie of the synthetic to the data.
Once a synthetic tie was obtained, formation tops interpreted from the well logs
were correlated to seismic reflection events and then corresponding seismic horizons
were picked. The Morrow interval is the primary target of interest and an interpreted topof-the Morrow reflection event was picked on every inline and crossline through the
seismic data volume. This was necessary since the top of the Morrow is not associated
with a single distinct reflection event. The top of the Atoka and Chester Formations were
picked on every other inline and crossline, while top of the remaining (more continuous)
horizons were picked every 5th inline and crossline. Reflection events within the lower
Pennsylvanian Atoka-Morrow interval were generally discontinuous and difficult to pick.
More coherent reflections above and below these intervals were used as a general guide
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for picking the Atoka-Morrow events and carrying them through the data. Kingdom
Suite’s auto-picking and smoothing algorithm was used to interpolate between hand picks
and to smooth them. As discussed in Chapter 4, the individual sands in the lower Morrow
are not seismically resolvable and they could not be picked as distinct reflection events.
However, amplitude variations on the top-of-the-Morrow horizon may be indicative of
channel sand distribution. Seismic amplitudes from this interval were investigated using
several approaches provided in Kingdom Suites’ volume attributes module. Attribute
maps consisting of the root mean square (RMS), average absolute value (AAA),
integrated amplitude, etc. were computed and evaluated for possible relationship to the
Harris Channel and oil production trend discussed in Chapter 3.

5.1 Structural Setting
Seismic data reveal that the Buffalo Valley field is bounded to the east and west
by the nearly vertical faults that drop to the east (figure 5.1 through 5.4). These faults
produce mapable offsets in the lower Pennsylvanian strata. Continued movement along
the faults produces monoclinal flexures in shallower overlying strata. In lower
Pennsylvanian strata the western fault is continuous through the survey area while the
eastern fault dies out to the north (Figure 5.3). A 3D view of the boundary faults is
illustrated in the Figure 5.4.
The east and west boundary faults cut through the lower Mississippian and
Pennsylvanian units, and terminate before reaching the top of the Permian Wolfcamp
Formation. These faults were active during deposition of the Pennsylvanian units.
Pennsylvanian strata thicken on downthrown fault blocks (figures 5.8 through 5.11 and
5.13). The throw across the western fault is more pronounced than that across the
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Figure5.1: East-west seismic section showing steep faults terminating in the lower
Wolfcamp interval. The figure reveals that resolvable fault offsets do not extend beyond
the lower Permian Wolfcamp reflection event.

Figure 5.2: East-west seismic section with steep vertical faults and flower structure and
folding. The pattern of minor faulting and folding just to the west of the eastern border
fault is suggestive of a flower structure.
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a)

N

b)
Figure 5.3: a) Time structure on the Chester reflection event. The dotted white line
defined the location of an abrupt drop in structure within the central block; b) 3D
perspective view of Chester reflection event. Vertical exaggeration is 1:100.
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Top of Wolfcamp Horizon

Top of
Chester
Horizon

Vertical Western and Eastern faults

Figure 5.4 : 3D view of the western and eastern border faults in the Buffalo Valley field.
Resolvable offsets in these faults do not extend above Wolfcamp reflection event.
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eastern fault. The steep nature of both faults makes it difficult to classify them as reverse,
normal or strike slip.
Sanchez (2005) interpreted these faults as reverse faults. Indeed, the fault planes
often dip steeply to the west suggesting reverse movement. However, plan view
representations of the fault surfaces suggest that the fault planes do not dip uniformly to
the west but oscillate from west dipping to east dipping along their length (Figure 5.5).
These observations help establish that these faults are likely strike-slip in origin. A
typical plan view of a strike slip fault system is illustrated in Figure 5.6. Strike slip faults
are steep and often have dip reversals along their length that are reverse along the
compressional bend and normal along the releasing bend. It may be possible that regional
compression from southeast during the Ouachita-Marathon orogeny generated some
small scale strike slip displacements along the Northwestern Shelf of the Delaware Basin.
In terms of the regional context, Hills (1984) described steeply dipping faults
located the southeast of the study area bordering the eastern margin of the Delaware
Basin. The faults noted by Hills have roughly north-south trend (Figure 5.7) and cut
through lower Mississippian to the lower Wolfcamp strata. These faults were interpreted
to have originated as reactivated left-lateral strike slip faults along preexisting
Proterozoic lines of weakness. Numerous other steeply dipping faults of MississippianPennsylvanian age in the Delaware Basin have been interpreted as left-lateral strike slip
faults (Shumaker, 1992). Similarity of faults in the study area to those noted by Hills
(1970) and

Shumaker (1992) (north-south trend offsets Mississippian to the lower

Wolfcamp strata) suggests the faults in the Buffalo Valley field originated under similar
stress regimes.
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a)

b)
Figure 5.5: Time structure of the boundary faults. Both of these faults oscillate in dip
from west dipping to the east dipping along their length; a) Western boundary fault b)
Eastern boundary fault

Figure 5.6: Plan view of a typical strike slip fault showing dip reversals. (Modified after
Allen and Allen, 1990).
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````
Figure5.7: Precambrian north-south trending basement fault zone. The contours represent
subsea elevation on the Precambrian basement surface at 1000 ft contour interval. The
location of the Buffalo Valley field is highlighted by the red square. Line AB is a
structural low; CD is a structural high. Modified after Hills (1970).
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Regional transpression and compression continued throughout the Pennsylvanian
and ended during the early Permian (Hills and Galley, 1988). Minor local movements
continued through the late Wolfcampian. Casavant (1999) suggested that basement
faulting in the region is the rule rather than the exception since the orientation of the
Phanerozoic structural elements matches well with the Precambrian structural fabric.
Pennsylvanian faults in the region are generally associated with fault reactivation of
preexisting Proterozoic lines of weakness (Hills, 1984).
There are two schools of thought concerning the reactivation of the older
basement faults in the Permian Basin region by the Marathon-Ouachita orogeny. One
theory suggests that reactivation occurred in the form of wrench faulting which obscured
earlier Precambrian normal and reverse faults (Galley, 1968; Bowsher, 1991; in Casavant
1999). The other theory suggests that fault reactivation occurred in response to moderate
to gently dipping basement-involved overthrusts (Ye et al., 1996; in Casavant 1999). The
boundary fault geometry in the Buffalo Valley field supports the wrench fault
interpretations suggested by Galley (1968) and Bowsher(1991).
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5.2 Seismic Horizon interpretation
5.2.1 Mississippian Chester Horizon

The Chester reflection event (figures 5.1 and 5.3) is a complexly faulted horizon.
Noticeable offsets occur across the eastern and western boundary faults discussed earlier.
The presence of additional minor faults is also suggested by interruptions of reflection
patterns (Figure 5.3). The reflection from the top of the Chester horizon extends from
1.003 to 1.108 seconds. The time structure map (Figure 5.3) of the Chester reveals an
approximate strike of N15oE; the dip is to the southeast. Structural relief across the
Chester is concentrated across the bounding faults on the east and west margins of the
survey. An abrupt drop in structure occurs along a north-south trend through the center
of the block. This drop is indented to the west in the southern part of the area (Figure
5.3). In some places, the Chester Limestone horizon is characterized by weak reflection
amplitude and polarity reversal (Figure 5.1). These character changes may be associated
with variations in carbonate cement content in the Morrow clastics and associated
impedance contrasts. In addition, log responses reveal the presence of considerable
heterogeneity in the lower Pennsylvanian strata. These, along with tuning effects in
thinned intervals contribute to poor reflection continuity.
5.2.2 Morrow interval

The time structure on top of the Morrow Formation reveals similar N15oE strike
of the Chester Formation and southeast dip (Figure 5.8). This northeast strike roughly
correlates with the general northeast trend of the Northwest Shelf. The upper Morrow
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a)

N

b)
Figure 5.8: a) Time structure on the Morrow reflection event, b) 3D perspectives view of
Morrow time-structure. (1:100 vertical exaggeration)
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limestone has

strong acoustic impedance contrast (black cycle in Figure 5.1 and 5.2)

with the overlying shale of the lower Atoka interval. The positive amplitude of the
reflector is associated with an increase in density from 2.35 to 2.65 gm/cc and velocity
from 15500 ft/s to 16650 ft/s. However, in places the amplitude decreases to zero and
becomes negative, revealing significant lateral discontinuity and heterogeneity in the
fluvial-deltaic sediments which comprise the Morrow.
Two way travel time to the Morrow reflection event ranges from 0.987s to 1.082s.
The time structure map of the Morrow event reveals distinct displacement across the
eastern and western boundary faults (Figure 5.8). The structural high is located to the
west; the structural low, to the southeast. The Morrow tends to be more steeply dipping to
the southeast. Structural relief is largely controlled by the boundary faults. Some minor
faults near the eastern boundary fault (Figure 5.1) also produce moderate structural relief.
The isopach of the Morrow Formation (including the Barnett Shale) (Figure 5.9),
top of Morrow to top of Chester - was computed using an average interval velocity of
16250 ft/s. The isopach reveals considerable variability in thickness: thickness ranges
from a maximum of 295 ft to a minimum of 55 ft. A zone of thickening with northeastsouthwest trend of the paleo shoreline occurs in the southern part of the survey area;
another belt of thick sediments runs northwest-southeast through the central-northern part
of the survey area (Figure 5.9a). Thickened Morrow intervals may roughly define areas
of increased channel sand accumulations. Variable thickness distribution suggests the
influence of a meandering channel system with a variable trend. It is also possible that
thickening in the north-central part of the survey area is associated with a fluvial channel
system while the thickened interval to the southeast may represent a shoreline system.
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a)

N

b)
Figure 5.9: Isopach of the top of the Morrow-to- top of the Chester limestone; b) Isopach
of the Morrow overlaid on top of the Chester time structure. Thickening in the southeast
corner of the survey area is associated with syndepositional movement along the eastern
border fault. The purple dotted line outlines areas with thickened section.
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Comparison of the Morrow isopach with the Chester time structure (Figure 5.9)
reveals noticeable thickening in the southeast corner of the survey area. Thickening
occurs abruptly across the fault but is restricted to a small area. This thickening across the
fault suggests the fault was active during deposition of the Morrow interval. However,
the westernmost fault block appears to be fragmented into smaller blocks that moved
independently of each other. A polygon of Barnett Shale thinning is overlaid on the
isopach of the Morrow interval (Figure 5.10). Although thinner Barnett Shale zones
generally lie under the thickened Morrow section, thinning is not restricted to thickened
Morrow areas (Figure 5.10). This suggests that thickening of the Morrow is not in general
related solely to channel sand accumulation.
5.2.3 Atoka Interval

Two-way travel times to the top of the Atoka Formation extend from 0.977 s to
1.061 s (an 88 milliseconds interval). A negative impedance contrast across the top of the
Atoka is associated with an abrupt boundary separating carbonates in the Strawn from
shales in the Atoka. This high amplitude event (Figure 5.1) is fairly coherent throughout
the 3D survey.
The time structure on top of the Atoka Formation has an approximate N15oE
trend with southeast dip (Figure 5.11). The structural relief is largely controlled by the
eastern and western boundary faults. Compared to the Morrow time structure, the Atoka
has moderate relief and is structurally less complicated between the boundary faults.
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Figure 5.10 : Vector overlay of Barnett shale thinning zone over the isopach of the
Morrow interval. The shaded region represents thinner Barnett Shale zones.
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b)
Figure 5.11: a) Time structure on the Atoka reflection event; b) 3D perspective view of
Atoka reflection event. Vertical exaggeration is 1:100
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The Atoka isopach (Figure 5.12) reveals a belt of thickening west of the western
boundary fault. This suggests that the western block dropped down to the west during
deposition of the Atoka. The interval thickens gradually across the central block, but
there is some evidence especially in the perspective view that thickening and thinning
along the eastern margin of the field occurs over the eastern boundary fault. The block
that moved down during the deposition of the Morrow, rose during deposition of the
Atoka and thinned the interval in the southeast corner.
Overall, the central block appears to have rotated down to the east into the
Delaware Basin during deposition, while the western block dropped to the west. The drop
of the western block to the west represents an inversion of earlier movements during
deposition of the Morrow.
The isopach of the entire Atoka-Morrow interval overlaid upon the Chester
structure map provides an overview of syndepositional block movements during the
lower Pennsylvanian (Figure 5.13). Pronounced thickening occurs to the southeast with
more abrupt thickening in the southeast corner across the eastern boundary fault. Overall,
the up and down movements on the western boundary fault did not yield noticeable
thickening trend on the interval as a whole.
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b)
Figure 5.12 : a) Isopach of the Atoka-to-Morrow-top interval; b) Isopach of the AtokaMorrow interval overlaid on top of the Morrow time structure.
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b)
Figure 5.13: a) Isochron of the Atoka-Chester interval; b) Atoka-Chester isochorn
overlaid on the Chester time structure.
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5.2.4 Cisco Interval (Upper Pennsylvanian)

The time structure on top of the Cisco is similar to that of underlying reflections.
Time structure on the Cisco has variable strike through the survey area. Across the
central block the structure strikes northwest and drops to the northeast. Structures on the
western and eastern block strike roughly to the north (Figure 5.14).
The Cisco to Atoka isochron map shows pronounced thickening to the southeast
(Figure 5.15 a). Evidence for abrupt thickening across the eastern boundary fault suggests
it actively subsided during deposition of the Cisco-to-Atoka interval.
5.2.5 Wolfcamp Interval

Following culmination of the Ouachita-Marathon orogeny in the late
Pennsylvanian, tectonic events are considered to have had much less influence on
deposition of Permian and younger intervals in the Permian Basin. (Hills, 1970;
Shumaker, 1992). However, the trend of the Wolfcamp is roughly due north and dips to
the east (Figure 5.16), a trend that suggests influence of faults within the field. The time
structure map reveals that subsequent uplift of the western boundary fault produced a
structural high along the western border of the survey area. Post-Wolfcampian movement
along the eastern boundary fault, however, appears to have been minimal or absent.
The isochron map of the Wolfcamp-to-Cisco reveals a pattern of westward
thickening across the central block (Figure 5.17). This thickening suggests that
differential rotation of the central block occurred down to the west along the western
boundary fault. This stands in contrast to the pattern of thickening observed during
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a)
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b)
Figure 5.14 : a) Time structure on the Cisco reflection event; b) 3D perspective view of
Cisco reflection event. Vertical exaggeration is 1:100
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b)
Figure 5.15 : a) Isochron of the Cisco through Strawn interval; b) Isochron of the Cisco
through Strawn overlaid on the Atoka time structure.
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b)
Figure 5.16: a) Time structure on the Wolfcamp reflection event; b) 3D perspective view
of Wolfcamp reflection event. Vertical exaggeration is 1:100
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b)
Figure 5.17: a) Isochron of the Wolfcamp event; b) Isochron of the Wolfcamp overlaid
on the Cisco time structure.
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deposition of the Atoka-to-Morrow and Cisco-to-Strawn intervals. During deposition of
those intervals, the central block rotated east and southeast, respectively.
Successive overlay of time structure on the Chester through Wolfcamp reflection
events is illustrated in Figure 5.18. The figure reveals that the eastward dip into the
Delaware Basin is interrupted by abrupt steps across the western boundary fault. The
eastern boundary fault penetrates the Pennsylvanian formations, but is not visible in the
Wolfcamp. Relief across the western boundary fault becomes progressively less through
the Pennsylvanian and into the lower Permian Wolfcamp strata.
The isochron map of the Glorietta to Abo interval (Figure 5.19) also shows some
tendency to thicken up against the eastern sides of the boundary faults; however, the most
distinct feature associated with this interval is the pronounced thickening that occurs to
the north throughout the survey area. In general, during earlier intervals there was a
tendency for strata to thicken to the east and southeast into the Delaware Basin;
thickening to the north observed during the Glorietta-to-Abo time period (lower-middle
Permian) suggests significant inversion of earlier block motion. It may be that
widespread erosion during the lower-middle Permian removed a thicker section in the
southern part of the survey area.
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Figure 5.18: Comparison of time structure on the Chester through Wolfcamp reflection
events.
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Figure 5.19: a) Isochron of the Glorietta-Abo interval; b) Isochron of the Glorietta-Abo
interval overlaid on the Wolfcamp time structure
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5.3 Seismic attributes and time Slice Interpretation
3D seismic data volumes provide the capability to generate time slice views of the
seismic response. The time slice provides a map view of the seismic response that often
allows the interpreter to observe patterns associated with depositional systems. Simple
time slice interpretation is often complicated by structural relief which may dominate
features in the time slice (Bacon, 2003). Flattening the seismic volume to a given horizon
allows the interpreter to minimize structural influences. In this study, time slices are
extracted relative to flattened horizons to minimize the effects of structural relief, and to
increase the likelihood of identifying stratigraphic elements associated within
depositional systems. Time slices relative to a flattened horizon or reflection event
provide detailed views of time synchronous depositional features. In areas with variable
depositional trend and thickness, an average of the reflection amplitude or other attributes
within a window of time centered on the reflection event may help uncover depositional
elements such as channels, bars, levees, etc. Kingdom Suite allows the interpreter to
calculate a variety of amplitude parameters including the RMS amplitude, average
absolute value (AAV), peak amplitudes, and so on, within a given time window.
Sanchez (2005) restricted his analysis to amplitude slice maps. He used the Atoka
reflection event as the datum for generating time slices. The basis for choosing the Atoka
as a datum was that interpretation of the Atoka reflection event was less complicated than
that of the Morrow and that time slices relative to the Atoka would be more likely to
reveal depositional features. However, since the Atoka-Morrow interval thins to the west
(see Figure 5.12), time slices datumed on the Atoka will actually cut through the Morrow
and down into the upper Mississippian Barnett and Chester intervals.
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In this study, time slices of the attributes were generated and examined within
time windows that include the lower Morrow channel sand. The data were flattened
relative to the Morrow, Atoka or Chester reflection events. In addition, rather than
restrict analysis to reflection amplitude along a given horizon-datumed time slice, the
acoustic properties of larger volumes of strata were examined using the average absolute
value (AAV), the root mean square (RMS), maximum, minimum and sum of attribute
value within a given time gate. Investigations of the volume response offer increased
potential to uncover patterns with stratigraphic elements whose thickness lie below the
resolution limit.
A simple amplitude time slice using the Atoka or Morrow as a datum showed
poor correlation with the production trend (e.g. figures 5.20, 5.21 and 5.22). Although, a
high amplitude region in the northern part of the area showed some alignment with the
high production trend, an association to production was not observed in the southern part
of the area.
Wilson and Pyakurel (2005) examined the integrated amplitudes in a 20
millisecond window extending 20 ms up from the top of the 2nd Chester (Figure 5.23).
This time window includes the 1st Chester, Barnett, Morrow and lower Atoka intervals.
The integrated sum over this window reveals a pattern of highs in the summed amplitudes
that are roughly associated with the high oil production trend. Indeed, areas of poor
agreement between production distribution and integrated amplitude occur in areas of
poor well control across which the production distribution is interpolated.
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Figure 5.20 : AAV amplitude in a time window that extending from 6 t0 10 ms below
the Morrow reflection event. The blue dotted polygon outlines areas with high
production.

Figure 5.21: Integrated amplitude in a time window extending from 20 to 27 ms below
the Atoka top. The white dotted polygon outlines areas with high production.

Figure 5.22: Integrated amplitude calculated for a 10 ms window of time extending down
from the Morrow top. The white dotted polygon outlines areas with high production.
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Extensive attribute analysis conducted by Wilson and Pyakurel (2005) revealed
that acoustic impedance had significant correlation to log properties in the Atoka to
Chester time interval. The RMS impedances in a 16 ms window including the lower
Atoka through Morrow events (Figure 5.24) reveal a trend of impedances that coincides
roughly with the trend and distribution of production through the area. The RMS value of
P-wave impedances (see chapter 6 for discussion of impedance computation) was
calculated in a window extending from 10 ms below the Atoka event down to 9 ms below
the Morrow event. Two-way travel time through the Morrow is approximately 10 ms.
The match of production to integrated amplitude and RMS acoustic impedance from time
windows that straddle the Morrow interval suggest these volume attributes reveal the
main course of the Harris Channel through the area.
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Figure 5.23: Integrated amplitude map calculated for a 20 ms window of time extending
up from the Chester top. The dashed white polygon outlines regions with high
production. The solid blue line outlines the region with high integrated amplitude.

Figure 5.24: RMS acoustic impedance calculated for a window of time extending down
from 10 ms below top of the Atoka to 9 ms below the Morrow top. The solid red line
outlines the high impedance area. The dotted white polygon outlines areas with high
production.
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CHAPTER 6
CONVERTED PS WAVE INTERPRETATION

6.0 Introduction
As noted earlier, WesternGeco provided both 3D P-wave and mode converted
shear wave (PS-wave) seismic volumes. The mode converted shear wave (PS-wave) is a
P-wave that is converted to an S-wave upon reflection. When a down-going P-wave
strikes a reflective interface at a non-zero incidence angle it generates a shear wave
reflection. The up-going S-wave is referred to as the PS-wave – the mode converted shear
wave. The uses of converted PS waves in seismic exploration are increasing rapidly.
Acquisition of converted shear wave data is less expensive than acquisition of primary
shear wave data collected using a shear wave source (Stewart, 2003). The PS wave
provides S wave information that when combined with the P-wave characteristics, can be
directly related to the mechanical properties of rocks. For example, analysis of P-wave
and PS-wave reflection arrival time variations with offset can be used to provide P- and
S-wave velocities. P-wave and S-wave velocities (Vp and VS) can then be combined to
yield Poisson’s ratio. The Poisson’s ratio can in turn be used to interpret the lithology of
the area. Analysis of converted shear wave data increases the potential outgrowths of
seismic imaging and interpretation. Shear and converted shear waves also have potential
application to the detection of fracture zones, interpretation of gas filled zones, lithology
discrimination using PS wave attributes, reservoir monitoring, etc. (Stewart, 2003).
Figures 6.1 and 6.2 present a comparison of P-wave and PS-wave data sets along
an east-west line through the Buffalo Valley 3D survey. Comparison of the two datasets
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reveals the presence of a zone of reduced amplitude and reflection coherence in the PSwave data (Figure 6.2) that is not observed in the P-wave section (Figure 6.1). This zone
may be associated with a narrow zone of intensely fractured strata. As part of the
processing flow, the P to S wave travel times were converted to equivalent P-wave travel
times. Thus, travel times to horizons interpreted in the P-wave data (Figure 6.1) are the
same as the corrected travel times in the PS wave data set (Figure 6.2). Reflection
continuity and relative amplitude of events differ considerably between the two data sets.
The PS-wave data, although compared in time, have noticeably lower dominant
frequency, and thus resolution, as discussed in Chapter 4.

6.1 Seismic Inversion
In this study, P and PS-wave data were inverted to acoustic impedance to allow
estimation of Vp/Vs ratios and the computation of Poisson’s ratio. The acoustic inversion
process can be regarded as the inverse of the forward modeling process used to predict
the Earth’s seismic response. The forward modeling process is generally represented by
the convolution of the seismic wavelet with the reflection coefficient train. In seismic
inversion we use the seismic response as the input and back-calculate the acoustic
impedances of subsurface intervals. A recursive inversion algorithm (see Russell, 1988)
was used to estimate acoustic impedance as summarized below. The inversion algorithm
is part of Kingdom Suite’s TracePak tool kit. The quantitative basis for the recursive
inversion algorithm is briefly outlined below.
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Figure 6.1: East-west seismic line from the P-wave 3D data volume.
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E

Figure 6.2: East-west seismic line from the PS-wave 3D data volume. Narrow zone of
low reflection amplitude and coherence is outlined by the blue dotted line.

115

The reflection coefficient for the ith layer can be written as:
ri =

ρi +1 × vi +1 − ρi vi zi +1 − zi
=
ρi +1 × vi +1 + ρi vi zi +1 + zi

………………………….(6.1)

where, vi is velocity and ρi is density of the ith layer, i+1 refers to the layer immediately
below the ith layer and z is the acoustic impedance (zi = ρivi).
Through substitution, 1 =

1 + ri =

zi +1 + zi
; we can show that
zi +1 + zi

zi +1 + zi zi +1 − zi
2 zi +1
+
=
zi +1 + zi zi +1 + zi zi +1 + zi

…..……………………..(6.2)

and that,
1 − ri =

zi +1 + zi zi +1 − zi
2 zi +1
−
=
zi +1 + zi zi +1 + zi zi +1 + zi

…………………………(6.3)

Division of eq.(6.1) by (6.2) yields,
zi +1 1 + ri
=
zi 1 − ri

…………………………(6.4)

Hence, the acoustic impedance of i+1 layer is given as,
⎛ 1 + ri ⎞
∴ zi +1 = zi ⎜
⎟
⎝ 1 − ri ⎠

…...…………………….(6.5)

Finally, the impedance for the nth layer can be calculated as,
⎛ 1 + ri ⎞
zn = z1 ∏ ⎜
⎟
i =1 ⎝ 1 − ri ⎠
n −1

…………..……………..(6.6)

The above relationship assumes that reflection amplitudes observed in the seismic
record are directly proportional to the reflection coefficients producing them. The above
inversion algorithm also assumes that differences in reflection coefficients are relatively
small.
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6.1.1 P and PS-wave inversion

The P-wave and PS-wave data were inverted using a high frequency recursive
inversion method with low and high cut frequencies of 0 and 85 Hz respectively. Near
surface velocities of 13500 ft/s and 7800 ft/s were used for the P-wave and PS-wave
inversion respectively. The inverted data reveal that the range of P-wave impedances and
impedance contrasts is greater than that observed in the PS-wave data (see figures 6.3 and
6.4). The P and PS-wave acoustic impedances were averaged over a 5 ms window
extending from 5 ms to 10 ms below the Morrow top to examine the possibility that
average impedance in this 5 ms window may allow possible differentiation of sand rich
versus limestone rich intervals in proximity to the Harris Channel. The 5 ms window is
interpreted to correspond roughly to the Morrow channel sand interval, which lies 75-115
ft below the Morrow top. Averaging may also help resolve spatial patterns of channel
deposition that are not resolvable at single instant in time.
The map of average P-wave impedance (Figure 6.5) reveals high impedance
trends (black areas) that roughly skirt the NW to SE trend of high production through the
central area of the 3D survey. Intermediate impedance trend (green to orange) extend
trough the center of the field. Areas of intermediate PS-wave impedance also extend
through the central and southern parts of the survey area along the high production trends
(Figure 6.6). The Vp/Vs ratio is illustrated in the Figure 6.7. Intermediate values of Vp/Vs
(1.4 to 1.85) show some association with the high production trends. The coincidence of
P and PS- impedance and Vp/Vs ratio trends with production and channel sand
distribution is explored further by estimating the distribution of Poisson’s ratio within this
interval.
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Figure 6.3: Acoustic impedance calculated for the PS-wave data along an E-W line
through the 3D survey.

Figure 6.4: Acoustic impedance calculated for the P-wave data along an E-W line (same
as in Figure 6.3) through the 3D survey. The blue dotted line highlights a zone of
intermediate acoustic impedance used as a guide to help pick the Morrow reflection
event.
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Figure 6.5: Map view showing variations in the average P-wave acoustic impedance
within a 5 millisecond window of data extending from 5 ms to 10 ms below the Morrow
reflection event. The solid blue line outlines areas of average impedance that may be
associated with channel sands. High production trend is outlined by the white dashed
line.

Figure 6.6: Map view showing variations in the average PS-wave acoustic impedance in a
5 millisecond window of data extending from 5 ms to 10 ms below the Morrow reflection
event. The solid blue line outlines areas of average impedance that may be associated
with channel sands. High production trend is outlined by the white dashed line.
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Figure 6.7: Vp/Vs ratio computed from the inverted P-wave and PS-wave data volume in
a 5 millisecond window of data extending from 5 ms to 10 ms below the Morrow
reflection event. A good correlation is observed between the high production trend
(outlined by white dotted line) and the Vp/Vs ratio distribution. The solid blue line
outlines areas of average Vp/Vs ratio that may be associated with channel sands.
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6.2 Poisson’s ratio
The Poisson’s ratio is the ratio of transverse to longitudinal strain in samples
subjected to uniaxial compression or extension. Poisson’s ratio is a property that can be
related directly to lithology. In the preceding section, acoustic impedances were extracted
for the P and PS-wave data. Acoustic impedance (Z) is defined simply as “ρV” where ρ
is the bulk density and V is the interval velocity. Thus, Zp, the P-wave impedance, is ρVp
and Zs, the PS-wave impedance, is ρVs. In the ratio Zp/Zs, the density cancels out so that
Zp/Zs = Vp/Vs. Thus, the ratio of the P-wave acoustic impedances to PS-wave impedance
(figures 6.5 and 6.6 respectively) yields the Vp/Vs ratio (Figure 4.7). Poisson’s ratio (σ),
in turn is computed directly from the Vp/Vs ratio as shown below:
⎛V 2 p
⎞
2 ⎟ −1
⎜
2V s ⎠
σ =⎝
2
⎛Vp ⎞
⎜ Vs ⎟ − 1
⎝
⎠

………………………. (6.7)

6.2.1 Poisson’s ratio scaling

Poisson’s ratio calculated from the inverted P-wave and PS-wave impedances
yielded Poisson’s ratios concentrated in the -1 to 0.4 range (Figure 6.8). Approximately,
93% of the calculated ratios fall in this range with the remaining values < -1 and > 0.4.
Note that Poisson’s ratios are generally distributed from 0 to 0.5. There are several
reasons why values outside the normal 0 to 0.5 range might occur: for example, lower
bandwidth of the PS-wave data and slight mismatch between the corrected PS-wave and
P-wave travel times. A negative Poisson’s ratio is obtained when the Vp/Vs ratio lies in
the 1.1 to 1.41 range.
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Figure 6.8: Poisson’s ratios computed from the 3D impedance volume prior to scaling.
Data greater than 2 and less than -2 were excluded from the histogram.
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For example, P and S-wave with velocities of 16500 ft/s and 15000 ft/s will yield a
negative Poisson’s ratio of -1.88. Similarly, Poisson’s ratios are greater than 0.5
whenever

S-wave velocity is greater than the P-wave velocity. An examination of the

effects of tuning, bandwidth and a slight shift in the P and PS responses is beyond the
scope of this research. Such an evaluation would require that a series of synthetic
seismograms be constructed for both the P and PS-wave data for models that included
tuned sub resolution layers. Inversions of the synthetics could then be used to derive
Vp/Vs ratios and Poisson’s ratios. The models developed by Sanchez (2004) would serve
as a good starting point for a general examination of anomalous results that could arise in
application of the procedures used in this study. Variations in bandwidth, bandwidth
controlled tuning, and slight time-shifting between data sets will likely give rise to
inversion derived Vp/Vs ratios outside normal range, and consequently to anomalous and
extreme values of Poisson’s ratios.
In this study, we decided to scale the distribution of Poisson’s ratios computed
from the P and PS-wave inversions to approximate the range of Poisson's ratios computed
from the dipole sonic log of the Lula 3 well over the same stratigraphic interval. The
Vp/Vs ratio and Poisson’s ratio derived from the velocity logs in the Lula 3 well are
illustrated in the Figure 6.9. This figure also displays the gamma ray and density logs to
help interpret the lithology (sand vs. shale and sand vs. carbonates). The log derived
ratios in the zone of interest (from 8403 ft to 8667ft) varied from approximately 0.2 to 0.3
(Figure 6.9). The Poisson’s ratio for sandstones in this zone varied from approximately
0.2 to 0.27. Sandstone with Poisson’s ratio near 0.27 may represent calcareous sand with
significant cement. A plot of Vp/Vs ratio vs. Poisson’s ratio is illustrated in the Figure
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(6.10). This figure highlights the cutoff boundaries for lithologic sub-divisions. The
distribution of Poisson’s ratios for geologic materials is shown in Figure 6.11. Weathered
layers have fairly large Poisson’s ratios and large Vp/Vs ratios. The shear wave velocity in
unconsolidated weathered materials usually drops by a greater percentage than does the
compressional wave velocity. In gas sands, partial support provided by fluid pressure is
often removed, so that the shear wave velocity increases while the compressional wave
velocity decreases. Poisson’s ratios calculated from log data for these Pennsylvanian age
strata fall in the sandstone, limestone and shale range (see Figure 6.11). In general,
Poisson’s ratios calculated from logs in the Lula #3 well (Figure 6.9) for sandstone and
carbonates show similar values to the Poisson’s ratio calculated by Hilterman (2001)
(Figure 6.11).
Using the Poisson’s ratio calculated from the sonic log in the Lula 3 well as a
guide, the Poisson’s ratio calculated from the seismic inversions (Figure 6.8) were
compressed into the range of values shown in the Figure 6.9. We assume that
exceptionally high Poisson’s ratios associated with loose unconsolidated materials are not
present in the target strata; we also assume that some intervals could be gas filled and that
low, near zero, Poisson’s ratios may be a possibility. Hence, the -1 to 0.4 range of
Poisson's ratio calculated from seismic inversion was compressed into a 0 to 0.31 range.
The steps used to scale the data are described below.
i)

Given, A1 = Poisson’s ratio before scaling

ii)

Subtract the maximum value in the specified input range from each value (A1)
to get A2 i.e., A2 = A1-0.4
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iii)

Calculate the scaling factor (SF) equals the range of Poisson’s ratio observed
in the well logs divided by the range of Poisson’s ratios in the seismic, i.e.,
SF =

0.31 − 0.1
= 0.14
0.4 − (−1.1)

iv)

Multiply A2 by the scale factor to get A3 i.e., A3 = A2*0.14

v)

Add the maximum value of desired range to A3, i.e., A4 = A3+0.031

Overall, the scaling operation can be summarized as a single equation:
A4= (A1-c)*SF + Pmax,

…………………………………(6.8)

where, A4= final scaled data, A1= unscaled data, c = constant (upper limit of the data
range to be scaled), SF = Scaling factor, Pmax = Upper limit of the desired scale range
(computed from well logs). The scaling operation (Equation 6.6) was undertaken using
Kingdom Suite’s TracePak trace calculation utility.
The -1.1 to 0.4 range Poisson’s ratios selected for comparison were based on the
shape of the distribution (Figure 6.8). The distribution of Poisson’s ratios (Figure 6.8)
calculated from the seismic data are concentrated in the -1.1 to 0.4 range and have a
distribution similar to that shown in Figure 6.11. The rescaling operation preserves the
shape of the distribution, but redistributes values into the 0 to 0.31 range (Figure 6.12).
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Figure 6.9: Vp/Vs and Poisson’s ratio plot from the velocity log in the Lula 3 well
computed between 8403 to 8667 depth interval.
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Figure 6.11: Poisson’s ratios for clastic sediments ranging from near-surface weathered
zones to gas sands are shown versus Vp/Vs ratio. Poisson’s ratios are typically
concentrated in the range 0 to 0.5. Taken from Hilterman (2001).

Figure 6.12: Histogram of Poisson’s ratios after scaling. Data less than 0 and greater than
0.47 have been excluded.
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The scaled data were compared to the unscaled data to demonstrate the result of
the scaling process (Figure 6.13). A single seismic trace was extracted from both, scaled
and unscaled data. In the comparison trace, values prior to scaling (Figure 6.13a) range
from approximately -0.95 to 0.4; after scaling the range extends approximately from 0.09
to 0.34. Figure 6.13 illustrates that the relative variation in value (curve shape) remains
unchanged; only the range has been changed.
Once Poisson’s ratios were rescaled, the potential lithologic significance of the
Poisson’s ratio distribution within the 3D survey could be considered. The initial step in
this process was to identify the relationship between Poisson’s ratio and lithology
observed in the Lula 3 well.
Based on the well log response (Figure 6.10), the Poisson’s ratios vary from 0.2 to
0.27 for sandstones and 0.27 to 0.3 for carbonates. Higher values near 0.27 in the sand
range may be associated with compact and calcareous sands. Poisson’s ratios for the
carbonates ranged from 0.27 to 0.3 in Figure 6.9. Poisson’s ratios for shale ranged from
0.23 to 0.3. Dvorkin et.al (2003) report obtaining slightly higher values of Poisson’s
ratios from the seismic inversion cubes. In their study, they obtained a Poisson’s ratio of
0.31 for water sand from the inverted P-wave impedance that was higher than that
predicted at log scale. In the approach developed here, we might expect to see similar
disagreement or relative shift between the Poisson’s ratio distribution derived from the
seismic and that observed in well logs. This range will also be affected by Fresnel zone
scale resolution limits and tuning as mentioned earlier.

129

1.16

1.14

1.14

1.12

1.12

Time (s)

1.16

1.10

1.08

1.08

1.06

1.06

1.04

1.04

a)

-1.00
-0.90
-0.80
-0.70
-0.60
-0.50
-0.40
-0.30
-0.20
-0.10
0.00
0.10
0.20
0.30
0.40
0.50

1.10

Poisson's Ratio

0.07

b)

0.12

0.17

0.23

0.28

0.33

Poisson's Ratio
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The Poisson’s ratio and Vp/Vs ratio were averaged from 5 ms below the Morrow
reflection event to 10 ms below the Morrow reflection event. This 5 ms interval was
assumed to represent the lower Morrow. The averaged Vp/Vs ratios were plotted against
the averaged Poisson’s ratio (Figure 6.14). The interpreted lithology is based on
relationships observed in the Lula 3 well (Figure 6.9). The slope of the curve for
sandstone is less steep compared to that in carbonate and shale region. The sandstone has
Vp/Vs ratios lying between 1.25 to 1.45 and Poisson’s ratios between 0.2 and 0.27. The
higher Poisson’s ratios in this range may represent compact and calcareous sands. The
carbonate interval has Poisson’s ratios varying from 0.27 to 0.3. They have steeper slope
and wider range of Vp/Vs values in comparison to those associated with sands.
The lithologic relationships identified in Figure 6.9 provide the basis for a
lithologic interpretation of Poisson’s ratio distribution for the Morrow interval. Poisson’s
ratios were averaged in the window extending from 5 ms to 10 ms below the Morrow top
(Figure 6.15). Sandstones are shown by red to yellowish red color in the map. The
interpreted sandstone has Poisson’s ratio greater than 0.2 and less than 0.27 and is
represented by red to yellowish red colors. The spatial distribution of Poisson’s ratios
through the 3D survey area have a similar pattern to that observed for the acoustic
impedances discussed in the Chapter 5 (see Figure 5.24). The 0.2 to 0.27 range of
Poisson’s ratios associated with sands extends along a narrow belt from the northwest
into the central part of the field. Further to the south the pattern of sand distribution
broadens across the southern part of the survey area. The outline of high production is
overlain on the Poisson’s ratio map and reveals a fair correlation with inferred sand
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Figure 6.14: Poisson’s ratio Vs. Vp/Vs ratio plot. The interpreted lithology boundaries
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Figure 6.15: Average of the Poisson’s ratio between 5-10 ms interval below the Morrow
reflection event. Areas representing possible sands are red to yellowish red.

132

distribution. As suggested above, the range of seismic derived ratios associated with a
given lithology may vary due to a variety of factors: P-and PS-wave bandwidth, tuning,
time shift between P- and PS-wave volumes, and Fresnel zone. The location of the Harris
Channel seems to be better defined by Poisson’s ratios in the 0.2 to 0.3 region (Figure
6.15). The distribution of carbonate environments would appear to have Poisson’s ratios
in the 0.3 to 0.34 range. Poisson’s ratios associated with shale, overlap those of sand and
carbonates so that shale zones mixed with sands and carbonates will not be differentiated.
Recursive inversion of P-wave and PS-wave seismic responses yields estimates of
the respective P- and PS-wave acoustic impedances. Scaling of Poisson’s ratios derived
from P and PS wave impedances to those calculated from P and S wave sonic helps
associate the seismic scale Poisson’s ratios with specific lithology. Maps of average
Poisson ratio derived from a window of data that includes the Harris Channel reveals a
distribution of Poisson’s ratios in the 0.2 to 0.3 range associated with the distribution of
oil production in the field. This range of Poisson’s ratios associated with a given
lithology is likely to differ from those observed in the well log. The sand response
appears to be bordered by regions of higher Poisson’s ratio (0.3-0.34). These regions are
interpreted to consist of shale and limestone. The representation of seismic response in
terms of Poisson’s ratios yields an interpretation that is consistent with interpretations
derived from the P-wave data. The interpretation is enhanced by possible association to
lithology in the depositional environment.
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CONCLUSION
The study provides a detailed analysis of the structural and stratigraphic controls
on oil production form the Buffalo Valley field in southeastern New Mexico. Oil in the
field is produced from the Harris Channel in the lower Morrow section of the lower
Pennsylvanian. Although the reservoir trap is primarily stratigraphic, the heart of the
Buffalo Valley field is bounded by steep faults along its eastern and western boundaries.
The main focus of the study is centered on the analysis of 3D reflection seismic data from
the field provided by WesternGeco. Data provided for the study included both P-wave
and converted mode shear wave (PS-wave) 3D volumes. The main objective of the
seismic interpretation was to determine whether the Harris Channel could be delineated
seismically using P-wave and combined P- and PS-wave data sets. The study also
incorporates regional and local well log correlation and mapping of the Mississippian
through middle Permian strata that blanket the Northwestern Shelf area in which the field
is developed.
The study area is located along the northern part of Eddy County and southern
part of Chavez County, New Mexico. Geologically, the study area is situated on the
Northwestern Shelf of the Delaware Basin. The primary zone of interest in the study is
the lower Pennsylvanian Atoka-Morrow interval. The regional study reveals that the field
develops in what appears to be a dropped block that trends nearly north-south across the
northeast trending Northwest Shelf (see Figure 3.3).
Detailed mapping of lower Pennsylvanian Atoka-Morrow interval was difficult.
The log responses from this interval varied considerably from well to well. The
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depositional environments in which these strata were formed consist of complex
nearshore-deltaic

depositional

systems.

These

depositional

systems

are

very

heterogeneous at local scale, making well-to-well correlation difficult to establish.
Stratigraphically, the Morrow Formation is informally divided into lower, middle
and upper Morrow intervals. The lower Morrow interval was deposited in a fluvialdeltaic environment while the middle and the upper Morrow intervals were deposited in
near-shore marine environments. Sea level transgression occurred during deposition of
middle and upper Morrow. As noted, oil production in the field is confined to a lower
Morrow channel sand known as the Harris Channel. The sand is associated with a low
gamma ray and high density response.
Analyses of structure and isopach maps were used to establish the regional setting
of the Buffalo Valley field. Regional maps were constructed from the Mississippian
Chester through the lower-middle Permian Glorietta Formation. These maps reveal that
these upper Paleozoic strata dip southeast into the Delaware Basin and strike northeastsouthwest along the Shelf margin. The Chester-Atoka isopach map (Figure 3.17) reveals
a belt of thickened section that rends roughly north-south through the field. This belt
coincides with a structural low on the Chester (see Figure 3.8). The thickened Atoka-toChester section suggests syndepositional development of the Chester structure.
Two major north-south trending faults along the eastern and western margins of
the field were interpreted to traverse the area. Strata up through the lower Permian
Wolfcamp Formation show thickening along this northwest trend. During deposition of
the Glorietta Formation the basin appears to have uplifted relative to the margin. The
Glorietta thickens to the west and north across the Northwest Shelf. The structural
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framework of the field appears to have developed during deposition of the reservoir
interval and overlying Pennsylvanian and lower Permian strata. The development of this
structural low during deposition of reservoir strata may have controlled the course of the
Harris Channel. The 5 year cumulative oil production from the lower Morrow reveals a
roughly north-south production trend through the field, further suggesting concentration
of channel development along this structural low. The regional production trend is
roughly north-south, but it is likely that channel meanders will carry the channel across
the margins of the structure.
The course of the Harris Channel through the field was also examined indirectly
from the isopach map of the Barnett Shale. It was assumed that the channel scoured down
into the Barnett Shale, thinning it along its course. An overlay of thinned Barnett Shale
areas coincides well with the high production trend (see Figure 3.31). This association
provides additional indirect evidence of the location of the Harris Channel.
Resolution limits for both P- and PS-wave data were evaluated to provide
perspective on the horizontal and vertical scale of features likely to be imaged in the
seismic data. Vertical resolution limits (tuning thickness) for the P- and PS-wave data are
estimated to be 60 ft and 68 ft, respectively using interval velocity characteristics of the
Morrow channel sand. Fresnel zones in the P- and PS-wave data are estimated to have
radii of 1055 ft and 1122 ft, respectively. The Morrow channel sands vary in thickness
from about 5 to 30 ft. Although the Harris Channel is below the resolution limit the
amplitude of reflections from the channel may be detectable or produce significant
influence on amplitudes of composite reflection events arising from the lower Morrow
strata.
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Interpretation of the 3D P-wave seismic data volume reveals that the field is
bounded by steep north-south trending faults along its eastern and western borders. Net
offset along these faults is down to the east. These faults were active during deposition of
upper Mississippian through the lower Permian strata. Dip reversals along the length of
these faults suggest these faults may have strike-slip origin. The nature of these faults is
similar to those described by Hills along the western margin of the Delaware Basin, being
steep and cutting from the Mississippian though the lower Wolfcamp Formation (lower
Permian). The faults were active during the deposition of the Pennsylvanian and lower
Permian interval. The seismic data provided a detailed view of field scale structure.
Isopach and isochron maps of the Atoka-Morrow interval show significant
thickening to the southeast across the central block. Such thickening suggests differential
subsidence into the Delaware Basin during the deposition of Atoka-Morrow interval.
The time structure on the top of the Cisco (top of the Pennsylvanian) shows
similar structure to that of the underlying units with pronounced thickening to the
southeast.
The structure and Isochron maps of the Morrow to the Wolfcamp formations (the
Pennsylvanian age sections) show eastward dip into the Delaware Basin being interrupted
by abrupt steps across the western boundary fault. The structural relief across the western
boundary fault also progressively decreases through the Pennsylvanian into the lower
Permian Wolfcamp. Significant thickening across the boundary fault suggests these faults
were active during deposition of the Pennsylvanian and lower Permian strata. However,
during Wolfcamp, sediments over the central block thickened to the west (Figure 5.17)
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suggesting that the central block rotated to the west along the western boundary fault
during the Wolfcampian time.
Isopach of the top of the Glorietta to top of the Wolfcamp reveals that middle
Permian strata thicken to the north and west across the field. This thickening although not
clearly related to movements along the boundary faults suggests the central block
dropped to the north-northwest during this time representing inversion of earlier block
motion.
Seismic attributes provided some insights into the relationship of seismic response
to oil production and channel sand distribution within the Buffalo Valley field.
Calculation of seismic attributes and averaging within a time window that includes the
lower Morrow channel sand revealed distinctive north-south trend similar to the oil
production trend. Integrated amplitudes in a 20 ms window of data from the lower
Morrow (Figure 5.23) were high along a zone that coincide roughly with the oil
production trend in the field. Similarly, RMS of P-wave in a window of data extending
from 10 ms below the Atoka event to 9 ms below the Morrow event (Figure 5.24) also
showed some association to the oil production trend.
This study also includes analysis of combined P and PS wave acoustic impedance
volumes. Recursive inversions of the P- and PS-wave data were used to estimate P and S
wave acoustic impedance. The ratio of these two volumes yields a Vp/Vs ratio which can
then be transformed into Poisson’s ratio. The range of Poisson’s ratios obtained in this
process extended well beyond the expected range of Poisson’s ratios of 0 to 0.5. The
majority of values were clustered in the -1.1 to 0.5 range with a distribution that looks
much like the distribution normally associated with Poisson’s ratios for limestone, shale,
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and sandstone. There are several sources of possible error that need to be explored in
future studies of the data. These include errors in the conversion of PS-wave travel times
to P-wave travel times, the effects of tuning on relative amplitude differences, and the
variations in bandwidth between the P- and PS-wave data sets.
P- and S-wave velocities obtained from the Lula 3 well were used to calibrate
Poisson’s ratios to lithology (see figures 6.9 and 6.10). Using this as a guide, the
Poisson’s ratio distribution obtained from the combined 3D P- and PS-wave inversions
were transformed into the range of Poisson’s ratios calculated from the well log.
Amplitudes of reflection events in the P- and PS-wave data sets will be
proportional to P- and PS-wave reflection coefficients only for isolated reflection events.
In general this is not the case; the geology is often complex and reflection events are a
composite of overlapping reflections. At Buffalo Valley the stratigraphy is heterogeneous
at scales less than the vertical and horizontal resolution limits of the data. Isolated
reflection events are not common in this data set.
Within the context of these limitations and possibilities for error, Vp/Vs
ratios and Poisson's ratios derived from the combination of 3D volumes may have limited
direct relationship to these physical properties. However, the computations presented in
this study represent a method for combining the P- and PS-wave seismic responses into a
single attribute that has potential lithologic significance. The spatial distribution of the
Poisson attribute (see Figure 6.15) shows some association to the distribution of oil
production mapped in the field and stands as a seismic feature that might be used to
locate additional wells within the field. The rough coincidence of Barnett Shale thinning,
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high production and Poisson’s ratios in the sand range supports a lithologic interpretation
of the seismic derived Poisson’s ratio.
This combined well log and 3D seismic interpretation indicates that the early
Pennsylvanian Harris Channel was guided through a structural low associated with
syndepositional movement along steeply dipping faults that border the field (see Figure
5.9). Thickened areas in the Morrow isopach show some association to the distribution of
oil production. Productive channel sands are thin and spatially heterogeneous within the
context of seismic resolution limits. Their presence is not easily inferred from the seismic
response. Integrated amplitude and RMS acoustic impedance in time windows that
straddle the Morrow interval yield show some association to the distribution of high
producing areas in the field and to the inferred course of the Harris Channel. Lower
Morrow Vp/Vs and Poisson’s ratio distributions obtained from the combined P-wave and
PS-wave volumes define potential sand dominated areas that also coincide roughly with
the major production trends in the field. The results of this study provide a basis for
regional exploration and field-scale development of lower Morrow channel sand plays
along the Northwestern Shelf of the Delaware Basin.
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